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ABSTRACT 

Context. HD 140283 is a reference subgiant that is metal poor and confirmed to be a very old star. The abundances of this type of old 
star can constrain the nature and nucleosynthesis processes that occurred in its (even older) progenitors. The present study may shed 
light on nucleosynthesis processes yielding heavy elements early in the Galaxy. 

Aims. A detailed abundance analysis of a high-quality spectrum is carried out, with the intent of providing a reference on stellar lines 
and abundances of a very old, metal-poor subgiant. We aim to derive abundances from most available and measurable spectral lines. 
Methods. The analysis is carried out using high-resolution (R = 81 000) and high signal-to-noise ratio (800 < S/N/pixel < 3400) spec¬ 
trum, in the wavelength range 3700 < /1(A) < 10475, obtained with a seven-hour exposure time, using the Echelle SpectroPolarimetric 
Device for the Observation of Stars (ESPaDOnS) at the Canada-France-Hawaii Telescope (CFHT). The calculations in local ther¬ 
modynamic equilibrium (LTE) were performed with the OSMARCS ID atmospheric model and the spectrum synthesis code 
Turbospectrum, while the analysis in non-local thermodynamic equilibrium (NLTE) is based on the MULTI code. We present LTE 
abundances for 26 elements, and NLTE calculations for the species Cl, O I, Nal, Mg I, A11, KI, Cal, SrII, and Ball lines. 

Results. The abundance analysis provided an extensive line list suitable for metal-poor subgiant stars. The results for Li, CNO, a-, 
and iron peak elements are in good agreement with literature. The newly NLTE Ba abundance, along with a NLTE Eu correction and 
a 3D Ba correction from literature, leads to [Eu/Ba] = -tO.59 ± 0.18. This result confirms a dominant r-process contribution, possibly 
together with a very small contribution from the main s-process, to the neutron-capture elements in HD 140283. Overabundances 
of the lighter heavy elements and the high abundances derived for Ba, La, and Ce favour the operation of the weak r-process in 
HD 140283. 
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1. Introduction 

HD 140283 (V = 7.21; Casagrande et al. 2010) is a sub¬ 
giant, metal-poor star in the solar neighbourhood, which is 
analysed extensively in the literature, and has historical impor¬ 
tance in the context of the existence of metal-deficient stars 
(Chamberlain & Aller 1951). In recent decades, element abun¬ 
dances in HD 140283 were studied by several authors, and a bib¬ 
liographic compilation up to 2010 can be found in the PASTEL 
catalogue (Soubiran et al. 2010). Most recently, Erebel & Norris 
(2015) stressed the importance of this star to the history of the 
discovery of the most metal-poor stars in the halo. More recently, 
hydrodynamical 3D models and NLTE computations were ap¬ 
plied for lithium lines, for example, by Lind et al. (2012) and 
Steffen et al. (2012). The fractions of odd and even barium iso¬ 
topes in HD 140283 have been the subject of intense debate, 
given that the even-Z isotopes are only produced by the neu- 
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tron capture s-process, whereas the odd-Z isotopes are produced 
by both the s- and r-processes (Gallagher et al. 2010, 2012, 
2015). Based on UV spectra, the molybdenum abundance in 
HD 140283 was derived by Peterson (2011). Roederer (2012) 
also used UV lines to obtain abundances of zinc (Zn II), arsenic 
(As I), and selenium (Se I), among other elements, in addition to 
upper limits for germanium (Ge I) and platinum (Pt I). Siqueira- 
Mello et al. (2012), hereafter Paper I, analysed the origin of 
heavy elements in HD 140283 deriving the europium abundance 
and making the case for an r-process contribution in this star. 

Bond et al. (2013) derived an age of 14.46+0.31 Gyr for 
HD 140283, using a trigonometric parallax of 17.15+0.14 mas 
measured with the Hubble Space Telescope, making this object 
the oldest known star for which a reliable age has been deter¬ 
mined. Bond et al. employed evolutionary tracks and isochrones 
computed with the University of Victoria code (VandenBerg et 
al. 2012), with an adopted helium abundance of Y=0.250, and 
including effects of diffusion, revised nuclear reaction rates, and 
enhanced oxygen abundance. More recently, VandenBerg et al. 
(2014) presented a revised age of 14.27+0.38 Gyr. This age is 
slightly larger than the age of the universe of 13.799+0.038 Gyr 
based on the cosmic microwave background (CMB) radiation as 
given by the Planck collaboration (Adam et al. 2015). According 
to VandenBerg et al. (2014), uncertainties, particularly in the 
oxygen abundance and model temperature to observed colour re¬ 
lations, can explain this difference, but the remote possibility that 
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this object is older than 14 Gyr cannot be excluded. HD 140283 
is therefore a very old star that must have formed soon after the 
Big Bang. In the future, asteroseismology could help to verify 
the age of HD 140283. 

In this work, we carry out a detailed analysis and abundance 
derivation for HD 140283. The main motivation for this study 
was triggered by the controversy discussed above about the in¬ 
terpretation of barium isotopic abundances, and the possibility 
of testing whether heavy elements are produced by the r- or s- 
process. With this purpose, we obtained a seven-hour exposure 
high-S/N spectrum, with a wavelength coverage in the range 
3700 < /1(A) < 10475 for this star. 

In Sect. 2 the observations are reported. In Sect. 3 the atmo¬ 
spheric parameters are derived. In Sect. 4 the abundances com¬ 
puted in LTE and NLTE are presented. In Sect. 5 the results are 
discussed, and final conclusions are drawn in Sect. 6. 

2. Observations and reductions 

HD 140283 was observed in programme llABOl (PI: 
B. Barbuy) at the CEHT telescope with the spectrograph 
ESPaDOnS in Queue Service Observing (QSO) mode, to ob¬ 
tain a spectrum in the wavelength range 3700-10475 A with a 
resolving power of R = 81 000. The observations were carried 
out in 2011, June 12, 14, 15, and 16, and July 8. The total num¬ 
ber of 23 individual spectra with 20 min exposure each produced 
a total exposure time of more than seven hours. The data reduc¬ 
tion was performed using the software Libre-ESpRIT, a new re¬ 
lease of ESpRIT (Donati et al. 1997), running within the CEHT 
pipeline Upen43- This package facilitates reducing all exposures 
automatically, and further fits continua and normalizes to 1. The 
co-added spectrum was obtained after radial velocity correction 
and a S/N ratio of 800 - 3400 per pixel was obtained. Three 
spectra were discarded because of their lower quality as com¬ 
pared with the average. 

3. Atmospheric parameters 

3.1. Measurement of equivalent widths 

To derive the atmospheric parameters and abundances, we mea¬ 
sured the equivalent widths (EWs) of several iron and titanium 
lines in their neutral and ionized states using a semi-automatic 
code, which traces the continuum and uses a Gaussian profile 
to fit the absorption lines, as described in Siqueira-Mello et al. 
(2014). The code can deal with blends on the wings, excluding 
the parts of the line from the computations. 

To check the reliability of the implemented code, the re¬ 
sults were compared with those obtained using the routine for 
the automatic measurement of line equivalent widths in stel¬ 
lar spectra ARES (Sousa et al. 2007), and only the lines iden¬ 
tified by ARES were used to achieve the best confidence in 
the final results. A very good agreement between the two mea¬ 
surements is shown in Eig. [T] We find a mean difference of 
EW(this work) - EW(ARES) = -0.22 + 0.43 mA, which can 
be considered negligible in terms of EWs. 

The complete list of Ee and Ti lines used is shown in Table 
I A. 11 which includes wavelength (A), excitation potential (eV), 
log gf values from the VALD and NIS10 databases, the mea¬ 
sured EWs (mA), and the derived abundances. Using the errors 

* http://www.cfht.hawaii.edu/Instruments/Upena/index.html 

^ http://physics.nist.gov/PhysRefData/ASD/lines_ form.html 



EW (mA) - ARES 

Fig. 1. Comparison of EWs measured for a set of Ee I and Ee II 
lines in HD 140283 using the code by Siqueira-Mello et al. 
(2014) and EWs measured using ARES. 


given for the parameters of the Gaussian profile obtained from 
the fitting procedure, the uncertainties crEW of the equivalent 
widths were computed based on standard error propagation. 

3.2. Calculations 

Iron and titanium abundances were derived using equivalent 
widths, as usual. All other element abundances were derived 
from fits of synthetic spectra to the observed spectrum of 
HD 140283. The OSMARCS ID model atmosphere grid was 
employed (Gustafsson et al. 2008). 

We used the spectrum synthesis code Turbospectrum 
(Alvarez & Plez 1998), which includes treatment of scattering 
in the blue and UV domain, molecular dissociative equilibrium, 
and collisional broadening by H, He, and H 2 , following Anstee 
& O’Mara (1995), Barklem & O’Mara (1997), and Barklem et 
al. (1998). The calculations used the Turbospectrum molecular 
line lists (Alvarez & Plez 1998), and atomic line lists from the 
VALD compilation (Kupka et al. 1999fl When available, new 
experimental oscillator strengths were adopted from literature. 
In addition, hyperfine structure (HES) splitting and isotope shifts 
were implemented when needed and available. 

We also performed NLTE calculations for the following ions: 
C I, O I, Na I, Mg I, Al I, K I, Ca I, Sr II, and Ba II. Atomic mod¬ 
els for these species were used in combination with the NLTE 
MULTI code (Carlsson 1986; Korotin et al. 1999), which facili¬ 
tates a very good description of the radiation field. The updated 
version of the MULTI code includes opacities from ATLAS9 
(Castelli & Kurucz 2003), which modify the intensity distribu¬ 
tion in the UV region. 

The lines studied in NLTE are often blended with lines of 
other species. Proper comparison of the synthesized and ob¬ 
served profiles thus requires a multi-element synthesis. To ac- 

^ http://vald.astro.univie.ac.at/ vald3/php/vald.php 
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Table 1. Atmospheric parameters adopted for HD 140283. 


Values 

Tc.s 

5750 ± 100 K 

logg 

3.7 ±0.1 [g in cgs] 


-2.5 ± 0.2 

£ 

1.4 ± 0.1 km s“' 

[Fel/H] 

-2.59 ± 0.08 

[Fell/H] 

-2.54 ± 0.08 

[Til/H] 

-2.24 ± 0.05 

[Till/H] 

-2.26 ± 0.06 


complish this, we fold the NLTE (MULTI) calculations into the 
LTE synthetic spectrum code SYNTHV (Tsymbal 1996). With 
these two codes, we calculate synthetic spectra for each region in 
the vicinity of the line of interest taking (in LTE) all the blending 
lines located in this region and listed in the VALD database into 
account. Eor the lines of interest (treated in NLTE), the corre¬ 
sponding departure coefficients (so-called Ij-factors: b - n jn*, 
the ratio of NLTE to LTE atomic level populations) obtained 
with MULTI code are the input to SYNTHV code, where they 
are used in the calculation of the line source function, and then 
for the NLTE line profile. Other possible blending lines are 
treated in LTE. 


3.3. Stellar parameters 

Lollowing Paper I, we adopted the stellar parameters T^ff - 
5750+100 K, [Le/Hf|= -2.5±0.2 and f = 1.4±0.1kms-‘ from 
Aoki et al. (2004) and log g = 3.7 + 0.1 [g in cgs] from Collet et 
al. (2009). Using the newly measured EWs, we obtained the iron 
abundances A(Le 10= +4.91+0.07 and A(LeII) = +4.96±0.07, 
or [Le I/H] = -2.59 ± 0.08 and [Le II/H] = -2.54 + 0.08, using 
the solar abundance A(Le )0 = +7.50 ± 0.04 from Asplund et al. 
(2009). The results are in very good agreement with the litera¬ 
ture, as in Gallagher et al. (2010), where [Le/H]= -2.59 + 0.06 
was obtained. Lor titanium, we found A(Til) = +2.71 + 0.01 
and A(Till) = +2.69 + 0.03, or [Ti I/H] = -2.24 + 0.05 and 
[Ti II/H] = -2.26 ± 0.06, using the solar abundance of titanium 
A(Ti)o = +4.95 ± 0.05 from Asplund et al. (2009). In Table[T]we 
summarize the atmospheric parameters adopted, together with 
the iron and titanium abundances. 

Ligure |2] shows the dependence of [Lel/H], [Lell/H], 
[Til/H], and [Till/H] on log (EW/A), and on the excitation po¬ 
tential of the lines obtained for HD 140283. The blue solid lines 
represent the average abundances in each case. The excitation 
and ionization equilibria of Le and Ti lines, resulting from the 
set of atmospheric parameters adopted for HD 140283, confirm 
the robustness of our choice. However, it should be noted that 
the surface gravity value may be affected by NLTE effects and 
by uncertainties in the oscillator strengths of the Le and Ti lines. 

The broadening parameters in HD 140283 were carefully 
analysed by several authors. We adopted a Gaussian profile to 
take the effects of macroturbulence, rotational, and instrumental 
broadening into account. 


^ [X/H] = A(X),,„,-A(X)o 

^ We adopted the notation A(X) = log (X) = log n(X)/n(H) +12, with 
n = number density of atoms. 
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Fig. 2. Excitation and ionization equilibria of Le and Ti lines, 
resulting from the set of atmospheric parameters for HD 140283. 
The black dots are the abundances obtained from Ti I and Le I 
lines, the red squares are those from Ti II and Le II lines, and the 
blue solid lines represent the average abundances. 


3.4. Uncertainties In the derived abundances 

As described in Paper I, the adopted atmospheric parameters 
present typical errors of ATgff = +100 K, Alog g = ±0.1 [g 
in cgs], and A^ = ±0.1 km s“'. Since the stellar parameters are 
not independent from each other, the quadratic sum of the var¬ 
ious sources of uncertainties is not the best way to estimate the 
total error budget, otherwise it is mandatory to include the co- 
variance terms in this calculation, and an estimated correlation 
matrix may introduce uncontrollable error sources. 

To compute the total error budget in the abundance anal¬ 
ysis arising from the stellar parameters, we created a new at¬ 
mospheric model with a 100 K lower temperature, determining 
the corresponding surface gravity and microturbulent velocity 
with the traditional spectroscopic method. Requiring that the 
iron abundance derived from Le I and Le II lines be identical, 
we determined the respective log g value, and the microturbu¬ 
lent velocity was found requiring that the abundances derived 
for individual Le I lines be independent of the equivalent width 
values. The result is a model with Tefj = 5650 K, log g - 3.3 [g 
in cgs], and ^ = 1.2 km s *. The abundance analysis was carried 
out with this new model, and the difference in comparison with 
the nominal model should represent the uncertainties from the 
atmospheric parameters. 

Observational errors were estimated using the standard de¬ 
viation of the abundances from the individual lines for each 
element, and taking into account the uncertainties in defining 
the continuum, fitting the line profiles, and in the oscillator 
strengths. Lor the elements with only one line available, we 
adopted the observational error from iron as a representative 
value. The adopted total error budget is the quadratic sum of 
uncertainties arising from atmospheric parameters and observa¬ 
tions. 


3 

















C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 


Table 2. Abundance uncertainties due to stellar parameters Apar, 
observational errors A„i,s, and adopted total error budget A,otai 
for LTE abundances. 


Element 

^par 

^obs 

^Total 

[Fe/H] 

-0.07 

0.07 

0.10 

[Li/H] 

-0.08 

0.07 

0.11 

[C/Fe] 

4-0.01 

0.07 

0.07 

[N/Fe] 

-0.10 

0.07 

0.12 

[O/Fe] 

-0.15 

0.07 

0.17 

[Na/Fe] 

-0.04 

0.08 

0.09 

[Mg/Fe] 

-0.04 

0.07 

0.08 

[Al/Fe] 

-0.01 

0.07 

0.07 

[Si/Fe] 

-0.08 

0.01 

0.08 

[K/Fe] 

-0.06 

0.07 

0.09 

[Ca/Fe] 

-0.03 

0.04 

0.05 

[Sc/Fe] 

-0.07 

0.06 

0.09 

[Ti/Fe] 

-0.07 

0.03 

0.08 

[V/Fe] 

-0.07 

0.08 

0.11 

[Cr/Fe] 

-0.08 

0.04 

0.09 

IMn/Fel 

-0.07 

0.04 

0.08 

[Co/Fe] 

-0.07 

0.11 

0.13 

[Ni/Fe] 

-0.07 

0.05 

0.09 

[Zn/Fe] 

-0.07 

0.07 

0.10 

[Sr/Fe] 

-0.02 

0.07 

0.07 

[Y/Fe] 

-0.10 

0.06 

0.12 

[Zr/Fe] 

-0.11 

0.05 

0.12 

[Ba/Fel 

-0.09 

0.10 

0.13 

[Ce/Fe] 

-0.07 

0.18 

0.19 


To estimate the uncertainties in the individual abundances 
due to the uncertainties in the EWs crEW, we recomputed the 
abundances using EW -H crEW, and the differences with respect 
to the nominal values were adopted as the errors. The errors line- 
by-line are also shown in Table I A. fl 

4. Abundance derivation 

Table IA.2I shows the line list of elements other than Ee and Ti 
used in this work, including wavelength (A), excitation potential 
(eV), adopted oscillator strength, and abundance derived from 
each line. The final LTE abundances derived in HD 140283 for 
all the analysed species are shown in Tabled The adopted solar 
abundances from Asplund et al. (2009) are also listed in Table 
[3] We discuss below each element in terms of lines used, HES 
splitting, and abundances adopted. In Table|4]we report the solar 
isotopic fractions adopted from Asplund et al. (2009) that are 
relevant for HES computations, and in Table lA.3] we summarize 
the hyperfine coupling constants adopted for the lines retained 
in this analysis. 

In Table |5] we present the complete line list analysed in 
NLTE, with the respective individual abundances. Below we also 
give element-by-element information about sources of the NLTE 
atomic models we used, and we also present the graphical results 
of the NLTE line synthesis. 

4. 1. Light elements 

Lithium. We derived the LTE Li abundance Ay..i) = 4-2.14 based 
on the Lil lines located at 6103 A and 6707 A (see Eig.[3]l. The 
wavelength and oscillator strength values were adopted from 
NIST, based on calculations by Yan & Drake (1995). NLTE cor¬ 
rections are given in Asplund et al. (2006) for the two Li lines in 
HD 140283: 4-0.09 dex for 6103 A and 4-0.03 for 6707 A. The 


Table 3. LTE abundances. Column 2 gives the solar abundances 
from Asplund et al. (2009), columns 3,4, and 5 give the absolute 
abundance with respect to A(H)=12.0 and the usual logarithmic 
ratio notation with respect to H and to Ee, respectively. 


Ion 

A(X)o 

A(X) 

[X/H] 

[X/Fe] 

Fel 

7.50±0.04 

+4.91 

-2.59 

— 

Fell 

7.50±0.04 

+4.96 

-2.54 

— 

Lil 

1.05±0.10 

+2.14 

4-1.09 

— 

C(CH) 

8.43±0.05 

+6.30 

-2.13 

4-0.46 

Cl 

8.43±0.05 

+6.44 

-1.99 

40.60 

N(CN) 

7.83±0.05 

-t6.30 

-1.53 

41.06 

[OI] 

8.69±0.05 

-t6.95 

-1.74 

40.85 

01 

8.69±0.05 

-t7.il 

-1.58 

41.00 

Nal 

6.24±0.04 

-t3.62 

-2.62 

-0.04 

Mg I 

7.60±0.04 

+5.21 

-2.33 

40.26 

Mg II 

7.60±0.04 

+5.66 

-1.95 

40.64 

All 

6.45±0.03 

+2.96 

-3.50 

-0.91 

Si I 

7.51±0.03 

-t5.30 

-2.21 

40.38 

Sill 

7.51±0.03 

-t5.35 

-2.16 

40.43 

KI 

5.03±0.09 

-t2.98 

-2.05 

40.54 

Cal 

6.34±0.04 

4-4.03 

-2.31 

40.27 

Call 

6.34±0.04 

-t4.43 

-1.91 

40.68 

Sc I 

3.15±0.04 

-tO.58 

-2.58 

40.01 

Sell 

3.15±0.04 

-tO.75 

-2.40 

40.18 

Til 

4.95±0.05 

-t2.71 

-2.24 

40.34 

Till 

4.95±0.05 

-t2.69 

-2.26 

40.32 

VI 

3.93±0.08 

-tl.44 

-2.49 

40.09 

VII 

3.93±0.08 

-tl.70 

-2.23 

40.36 

CrI 

5.64±0.04 

-t2.95 

-2.69 

-0.11 

CrII 

5.64±0.04 

-t3.32 

-2.32 

40.26 

Mnl 

5.43±0.04 

-t2.56 

-2.87 

-0.29 

Col 

4.99±0.07 

-t2.69 

-2.30 

40.29 

Nil 

6.22±0.04 

+3.16 

-2.46 

40.12 

Nill 

6.22±0.04 

-t3.88 

-2.34 

40.25 

Znl 

4.56±0.05 

-t2.22 

-2.34 

40.25 

Sr II 

2.87±0.07 

4-0.10 

-2.77 

-0.18 

YII 

2.21±0.05 

-0.78 

-2.99 

-0.40 

Zrll 

2.58±0.04 

-0.07 

-2.65 

-0.07 

Ball 

2.18±0.09 

-1.22 

-3.40 

-0.81 

Fall 

1.10±0.04 

< -1.85 

< -2.95 

< -0.36 

Cell 

1.58±0.04 

-0.83 

-2.41 

40.18 

Bull 

0.52±0.04 

-2.35 

-2.87 

-0.28 


corrected Li abundance A(Li) = 4-2.20 is in excellent agreement 
with the NLTE abundance from Asplund et al. (2006). 

Carbon. In Paper I we analysed the CH A-X electronic tran¬ 
sition band (G band) in HD 140283, showing a very good agree¬ 
ment between the observed spectrum and the computation using 
the LTE carbon abundance A(C) = 4-6.30 adopted from Honda 
et al. (2004a). In fact, several CH lines were analysed and all 
of them presented a good fit, leading us to assume that they are 
properly taken into account. 

It was also possible to use three Cl lines: 8335.14 A, 
9061.43 A, and 9062.48 A. They are free of telluric and other 
atomic or molecular lines. The lines of Cl in the visual part 
of the spectrum are not detectable. The LTE carbon abundance 
derived from these atomic transitions A(C) = 4-6.44 is slightly 
higher in comparison with the result from molecular bands. 

The same CI lines were analysed in NLTE (see upper left 
panel in Eig. lB.2l for the 9062.48 A line). To perform this work, 
we used the carbon atomic model first proposed by Lyubimkov 
et al. (2015). Our calculations show that NLTE effects are very 
strong in the analysed lines, and act towards a strengthening of 
their equivalent widths: the ratio between NLTE and LTE EWs 
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Table 4. Isotopic abundance fractions in the solar system from 
Asplund et al. (2009), relevant for HFS computations adopted in 
the present work. 


Elements 

Isotopes 

% 

Sodium 

^^Na 

100.000 

Aluminum 

2’A1 

100.000 

Potassium 

39k 

93.132 


40k 

0.147 


41k 

6.721 

Scandium 

«Sc 

100.000 

Vanadium 

SOy 

0.250 


Sly 

99.750 

Manganese 

^^Mn 

100.000 

Zinc 


48.630 


“Zn 

27.900 


«’Zn 

4.100 


“Zn 

18.750 


™Zn 

0.620 

Barium 

>30Ba 

0.106 


‘32Ba 

0.101 


'^'‘Ba 

2.417 


‘35Ba 

6.592 


'^^Ba 

7.854 


>”Ba 

11.232 



71.698 

Lanthanum 

‘3*La 

0.091 



99.909 

Europium 

‘5’Eu 

47.81 


>«Eu 

52.19 


reaches a factor around 3. This means that simply analysing the 
program carbon lines in LTE approximation results in the de¬ 
rived abundance overestimate by about 0.4-0.5 dex (as it should 
be for the generally weak lines where equivalent width linearly 




Lambda (angstrom) 

Fig. 3. LTE lithium abundance in HD 140283 from the Li I lines 
located at 6103 A (upper panel) and 6707 A (lower panel). 
Observations (crosses) are compared with synthetic spectra com¬ 
puted with different abundances (blue dotted lines), as well as 
with the adopted abundances (red solid lines). 


Table 5. NLTE abundances derived in HD 140238 using NLTE 
equivalent width fitting (EW) and NLTE line profile fitting (PE). 


Ion 

d(A) 

(X/H)-rl2 

[X/H] 

Method 

Cl 

8335.14 

-H6.00 

-2.43 

PE 

Cl 

9061.43 

+5.91 

-2.46 

PE 

Cl 

9062.48 

-H6.03 

-2.40 

PE 

01 

7771.94 

-H7.04 

-1.67 

PE 

01 

7774.16 

-H6.98 

-1.73 

PE 

01 

7775.39 

-t-7.00 

-1.71 

PE 

01 

8446.36 

+1.0A 

-1.67 

PE 

Nal 

5889.95 

-t-3.37 

-2.88 

PE 

Nal 

5895.92 

-H3.37 

-2.88 

PE 

Nal 

8194.82 

-1-3.37 

-2.88 

PE 

Mgl 

4167.27 

-H5.38 

-2.16 

PE 

Mgl 

4571.10 

-H5.38 

-2.16 

PE 

Mgl 

4702.99 

-t5.38 

-2.16 

PE 

Mgl 

5172.68 

-r5.38 

-2.16 

PE 

Mgl 

5183.60 

4-5.38 

-2.16 

PE 

Mgl 

5528.40 

-H5.38 

-2.16 

PE 

Mgl 

5711.09 

-r5.38 

-2.16 

PE 

Mgl 

8806.76 

-^5.38 

-2.16 

PE 

All 

3944.01 

-F3.70 

-2.73 

PE 

All 

3961.52 

-H3.65 

-2.78 

PE 

K1 

7698.96 

+2.1?, 

-2.33 

PE 

Cal 

4226.73 

■t-4.04 

-2.27 

PE 

Cal 

4283.01 

-H4.21 

-2.10 

EW 

Cal 

4289.37 

+4.14 

-2.17 

EW 

Cal 

4302.53 

-F4.15 

-2.16 

EW 

Cal 

4318.65 

■t-4.09 

-2.22 

EW 

Cal 

4425.44 

■t-4.18 

-2.13 

EW 

Cal 

4434.96 

+4.01 

-2.24 

EW 

Cal 

4435.68 

+4.11 

-2.14 

EW 

Cal 

4454.78 

+4.04 

-2.27 

EW 

Cal 

5188.84 

■t-4.20 

-2.11 

EW 

Cal 

5261.70 

-F4.15 

-2.16 

EW 

Cal 

5265.56 

+4.20 

-2.11 

EW 

Cal 

5349.46 

+4.22 

-2.09 

EW 

Cal 

5512.98 

+4.09 

-2.22 

EW 

Cal 

5581.96 

+4.22 

-2.09 

EW 

Cal 

5588.75 

+4.11 

-2.20 

EW 

Cal 

5590.11 

+4.22 

-2.09 

EW 

Cal 

5594.46 

+4.19 

-2.12 

EW 

Cal 

5857.45 

+4.11 

-2.14 

EW 

Cal 

6102.72 

+4.14 

-2.17 

EW 

Cal 

6122.22 

+4.14 

-2.17 

EW 

Cal 

6162.17 

■t-4.05 

-2.26 

EW 

Cal 

6169.56 

+4.11 

-2.14 

EW 

Cal 

6439.07 

+4.0? 

-2.23 

EW 

Cal 

6462.56 

-t4.06 

-2.25 

EW 

Cal 

6471.66 

■t-4.08 

-2.23 

EW 

Cal 

6493.78 

-H4.10 

-2.21 

EW 

Cal 

6499.65 

+4.23 

-2.08 

EW 

Cal 

7148.15 

+4.19 

-2.12 

EW 

Cal 

7326.14 

+4.19 

-2.12 

EW 

Call 

3933.68 

-H4.15 

-2.16 

PE 

Call 

3968.47 

-F4.15 

-2.16 

PE 

Call 

8498.02 

■t-4.15 

-2.16 

PE 

Call 

8542.09 

■t-4.15 

-2.16 

PE 

Call 

8662.14 

-F4.15 

-2.16 

PE 

Sr 11 

4077.72 

+0.02 

-2.90 

PE 

Sr 11 

4215.52 

+0.01 

-2.85 

PE 

Sr 11 

10327.31 

+0.00 

-2.92 

PE 

Ball 

4554.03 

-1.07 

-3.24 

PE 

Ball 

6141.70 

-1.07 

-3.24 

PE 

Ball 

6496.92 

-1.01 

-3.18 

PE 
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depend upon the number of absorbing atoms). The same conclu¬ 
sion was given by Asplund (2005), who noted that strong NLTE 
effects in high-excitation neutral carbon lines are due to the de¬ 
crease of source function (compared to the Planck function). In 
particular this is valid for near-infrared Cl lines. Fabbian et al. 
(2006) also predict strong NLTE corrections in the carbon abun¬ 
dances in extremely metal-poor stars of ~0.4 dex, in good agree¬ 
ment with the present result. 

We hnd a difference between the C abundance de¬ 
duced from CH and that from Cl lines computed in LTE 
and NLTE of A(C(CH) - C(CI)z. 7 -£) = -0.14 dex, and 

A(C(CH) - C(C 1)nlte) = +0.30 dex, respectively. The CH lines 
forming in the upper atmosphere might be affected in a 3D mod¬ 
elling calculation (Asplund 2005). 

Nitrogen. The bandhead of CN(0,0) BjE - XzE at 3883 A 
gives A(N) = +6.30, assuming the abundances A(C) = +6.30 
and A(0) = +7.00. In Fig. lB.lK upper panel) we present the syn¬ 
thetic spectra htting to the CN bandhead. This prohle is located 
in the blue wing of the H8 line of the Balmer series, taken into 
account in the calculations. 

Oxygen. The forbidden [OI] 6300.31 A line is free from 
NLTE effects (Kiselman 2001), and therefore it is the best oxy¬ 
gen abundance indicator. The line was inspected for telluric lines 
in each of the original exposures. From our series of observa¬ 
tions, four of the spectra observed in July had to be discarded, 
given that the telluric lines were masking the oxygen line. We 
then proceeded to co-add the other 19 spectra, and were able 
to obtain a weak, but measurable line (see lower panel in Fig. 
EB. We derive an abundance of A(0) = +6.95, considered in 
this calculation A(C) = +6.30 (C derived from CH lines) and 
A(N)= +6.30. 

The triplets at 7771-7775 A and 8446 A were also checked 
to compute the LTE O abundance A(0) = +7.11 in HD 140283. 
Adopting an average of different models presented in Behara et 
al. (2010) for the NLTE corrections to be applied on the triplet 
7771-7775 A lines (-0.13 dex, -0.10 dex, and -0.10 dex, re¬ 
spectively), we obtain A(0) = +6.97 from this triplet, in excel¬ 
lent agreement with the result derived using the forbidden line. 

The triplets at 7771-7775 A (see Fig. IB.2b and 8446 A were 
also analysed in NLTE. Our NLTE model of this atom was 
hrst described in Mishenina et al. (2000), and then updated by 
Korotin et al. (2014). An updated model was applied to study the 
NLTE abundance of this element in cepheids, and its distribution 
in the Galactic disc (see, for instance, Korotin et al. 2014; Martin 
et al. 2015). We obtain a NLTE oxygen abundance A(0) = +7.02 
(or [O/Fe] = +0.90), in agreement with the derived LTE abun¬ 
dances corrected for NLTE effects. 

4.2. a-elements: Mg, Si, S, and Ca 

Magnesium. After checking the Mg I lines used by Zhao et al. 
(1998) in the solar spectrum and the bluer lines used by Cayrel 
et al. (2004) for metal-poor stars, we retained 12 lines from an 
initial list of 21 prohles to derive the LTE abundance A(Mg I) = 
+5.27. The oscillator strengths were adopted from the critical 
compilation presented in Kelleher & Podobedova (2008a). The 
individual abundances are consistent among the lines (see upper 
panels in Fig. IB.3b . with the exception of Mg I 8806.76 A, which 
is 0.13 dex higher than the average abundance (see lower panel 
in Fig. IB.3b . 

In addition, it was possible to use two Mg II lines with the 
spectrum of HD 140283:4481.13 A and 4481.15 A. The derived 
LTE abundance A(Mgll) = +5.66 is higher than the value ob¬ 


tained from the neutral species, but both Mg II lines are blended 
and the result should be used with caution. 

Seven magnesium lines were selected for NLTE abundance 
determination. All these lines have very well-dehned prohles, 
which provide a robust NLTE abundance of this element (see 
Fig . IB. 4b . To generate Mg I line prohles, we used the NLTE Mg I 
atomic model described in detail by Mishenina et al. (2004). This 
model was used in several studies, in particular, in the determi¬ 
nation of the magnesium abundance in a sample of metal-poor 
stars (Andrievsky et al. 2010). 

Silicon. The main Si abundance indicators are the Si I lines 
at 3905.52 A and 4102.94 A. The line at 3905 A is blended 
with CH lines, but these molecular lines are weak enough in a 
rather hot subgiant such that the Si I line can be used. On the 
other hand, the line at 4102 A is located in the red wing of 
the Hd line, and therefore it was necessary to take the hydro¬ 
gen line in the spectrum synthesis into account. Fig. IB.5l shows 
the LTE synthetic spectra used for these lines in HD 140283. 
It was possible to use another three weaker Si I lines located at 
5645.61 A, 5684.48 A, and 7034.90 A, with individual abun¬ 
dances in good agreement with the previous transitions. The h- 
nal LTE Si abundance obtained was A(Si I)= +5.30. Because of 
the good quality of our data, it was possible to derive the LTE sil¬ 
icon abundance from the ionized species A(Si II)= +5.35, using 
the Sill 6371.37 Aline. 

S id fur. Three SI lines, which are potentially available for 
the abundance determination in metal-poor stars, are located at 
9212.86 A, 9228.09 A, and 9237.54 A. Unfortunately, the first 
line is severely blended with telluric lines, and the other two lines 
are on a small gap in the spectrum. As a consequence, a reliable 
sulfur abundance is not presented here for HD 140283. 

Calcium. To derive the LTE Ca abundance, 36 Ca I lines were 
used to obtain A(CaI)= +4.03. We adopted the log gf values 
from Spite et al. (2012). Because of the high-quality spectrum, 
even weak and blended lines are useful, as shown in Fig. IB. 61 

We inspected a few Ca II lines to evaluate the LTE calcium 
abundance from the ionized species. The presence of a strong 
NLTE effect, however, does not permit us to use most of these 
transitions. The LTE abundance A(CaII)= +4.43 was derived 
based only on the Ca II 8927.36 A line. We obtained a difference 
of +0.40 dex in comparison with the abundance derived from 
transitions of the neutral element. Mashonkina et al. (2007) anal¬ 
ysed HD 140283 in their study of neutral and singly-ionized cal¬ 
cium in late-type stars, and the LTE results show a difference of 
+0.30 dex. Their NLTE abundances are [Ca I/Fe] = +0.29 + 0.06 
and [Call/Fe] = +0.24. Using similar atmospheric parameters 
for this star. Spite et al. (2012) found the NLTE abundances 
A(Cal) = +4.12 + 0.04 and A(Call) = +4.08 + 0.05. Our LTE 
abundance shows that the departure from LTE is not strong for 
neutral calcium in this star. 

The NLTE abundance A(Ca) = +4.14 was determined from 
the average of 35 lines, including: i) the EW analysis of 30 Ca I 
lines with 10 < EW(mA) < 40; ii) the profile of five other lines, 
namely the strongest line of this atom at 4226.73 A (see upper 
panel in Fig. IB. 7b : the H and K Call lines (see lower panel in 
Fig. lEB; and another three Call lines located in the red. The 
NLTE atomic model was described in Spite et al. (2012), where 
it was used for the study of halo metal-poor stars. 

4.3. Odd-Z elements: Na, Al, and K 

S odium. To derive the LTE sodium abundance we used an initial 
line list based on Baumiiller et al. (1998) with updated oscillator 


6 


C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 


strengths from Kelleher & Podobedova (2008a). After checking 
13 Nal lines, the final result A(Nal) = -1-3.62 is based on five 
sodium lines. ^^Na is the only stable isotope representing the 
sodium abundance, with nuclear spin I = 3/2 0 and therefore 
exhibiting HFS. The hyperfine coupling constants are adopted 
from Das & Natarajan (2008) and Safronova et al. (1999). When 
not available, these constants were assumed to be null. The HFS 
for each line were computed by employing a code described and 
made available by Me William et al. (2013). Fig. lB.8l shows in the 
upper panel the adopted synthetic spectrum for Nal 5895.92 A 
and Nal 8194.82 A lines as example of typical fitting proce¬ 
dures. 

A NLTE atomic model of this element was presented for the 
first time in Korotin & Mishenina (1999) and then updated by 
Dobrovolskas et al. (2014). We analysed three Nal lines; Di, 
D 2 , and the line at 8194.82 A. Synthesized NLTE profiles fitted 
to the observed sodium line profiles are shown in Eig. IB. 91 and 
the final NLTE abundance A(Nal) = h- 3.37 was adopted. 

Aluminum. The only stable isotope for aluminum is ^^Al 
and to derive the Al abundance we used the resonance doublet 
All 3944.01 A and All 3961.52 A, taking the CH line blend¬ 
ing with the first line into account. The local continuum around 
the All 3961.52 A line is defined by the blue wings of the He 
and H Ca II lines, which were taken into account in the spectrum 
synthesis. ^^Al has nuclear spin 1 = 5/2 and we adopted the hy¬ 
perfine coupling constants from Nakai et al. (2007) and Brown & 
Evenson (1999), with updated oscillator strengths from Kelleher 
& Podobedova (2008b). Eig. IB. IOI shows in the upper panel the 
LTE synthetic spectra used for All 3961.52 A as an example. 
The adopted LTE abundance is A(A11)= -1-2.96 and must be cor¬ 
rected for NLTE effects. 

The NLTE All atomic model presented in Andrievsky et 
al. (2008) was employed and the result of the profile fitting for 
All 3961.52 A line is shown in Eig. |BTT] (upper panel). The fi¬ 
nal NLTE abundance A(A11)= -b3.68 is 0.72 dex higher than the 
LTE result. 

As it was stated above, in some cases the NLTE profile syn¬ 
thesis should be combined with the LTE synthesis, which takes 
the blending lines in the vicinity of the studied line into account. 
Eor instance, we would get the wrong result if we derived the 
NLTE abundance from UV Al I lines only using the pure MULTI 
NLTE profiles, since these lines are located in the wings of very 
strong H and K Call lines. Therefore it is absolutely necessary 
to take continuum distortion in their vicinity into account. This 
is made through a combination of calculations with the codes 
MULTI NLTE and S YNTHV LTE, which provides a correct alu¬ 
minum abundance. 

Potassium. The final LTE potassium abundance A(KI) = 
4-2.98 was only derived from the K17698.96 A line, as shown in 
the lower panel of Eig. IB.10l The other red doublet component at 
7665 A is strongly blended with telluric lines and was excluded. 
Eor this element, we adopted the isotopic abundance fractions in 
the solar system, as described in Asplund et al. (2009) and repro¬ 
duced in TablelH The HES was computed taking into account the 
major potassium isotope which has nuclear spin I = 3/2. We 
adopted hyperfine coupling constants from Belin et al. (1975) 
and Ealke et al. (2006), with updated oscillator strength from 
Sansonetti (2008). 

A NLTE KI atomic model was presented in Andrievsky et al. 
(2010), where it was first employed to derive potassium NLTE 


® Adopted from the Particle Data Group (PDG) collaboration: 
http ://pdg. Ibl. gov/ 


abundances in a sample of extremely metal-poor halo stars. This 
model was used to synthesize the profile of the KI 7698.96 A 
line in HD 140283 (see lower panel in Pig. IB.l II) . which gives 
A(KI) = 4-2.78 as the final abundance. 

4.4. Iron-peak elements: Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Zn 

S candium. We were able to use two Sc I lines to derive the scan¬ 
dium abundance. The lines located at 4020.39 A and 4023.68 A 
present low excitation potential and the average abundance 
A(ScI)= 4-0.58 should suffer from over-ionization via NLTE 
effects (Zhang et al. 2008). "^^Sc is the only stable scandium 
isotope, with nuclear spin I = 7/2, and to compute the HES 
we adopted hyperfine coupling constants from Childs (1971), 
Siefart (1977), and Ba§ar et al. (2004). On other hand, the ion¬ 
ized species presented 19 useful lines, covering a wider range in 
wavelengths and excitation potential values. The average result 
A(ScII) = 4-0.75 is higher in comparison with the abundance 
from the neutral species and it is not affected strongly by NLTE 
effects, at least at solar metallicity (see Asplund et al. 2009). The 
hyperfine coupling constants were adopted from Villemoes et al. 
(1992), Mansour et al. (1989), and Scott et al. (2015). In Pig. 
IB.12l we show the fitting procedures used for the Sc II 4246.82 A 
and Sell 5526.79 A lines as examples. 

Titanium. Eor titanium, we applied equivalent widths to de¬ 
rive the final abundances A(Til) = 4-2.71 and A(Till) = 4-2.69 
tSect.irrii. 

Vanadium. In Paper I we analysed five VI lines and seven 
VII lines to derive the vanadium abundances A(VI) = 4-1.35 + 
0.10 and A(VII) = 4-1.72 + 0.10, respectively. The average re¬ 
sult A(V) = 4-1.56 + 0.11 is in good agreement with A(V) = 1.55 
from Honda et al. (2004a), derived in their analysis from three 
lines (see Table 3 in Siqueira-Mello et al. 2012 for details). We 
adopted seven VI and eight VII lines, including HES based on 
hyperfine coupling constants from Unkel et al. (1989), Palmeri 
et al. (1995), Armstrong et al. (2011), Gyzelcimen et al. (2014), 
and Wood et al. (2014), with nuclear spin I = 7/2. We only 
used the major V isotope in the computations (see Table|4]). The 
oscillator strengths were adopted from Whaling et al. (1985) 
for VI and from Wood et al. (2014) for VII. We obtained 
A(VI) = 4-1.44 and A(VII) = 4-1.70, in agreement with the 
previous results. In addition, the final abundances derived from 

VI and VII lines are more consistent in the present analysis. In 
Pig. lB.13l we show the VI 4379.230 A line (upper panel) and the 

VII 4023.378 A line (lower panel) as examples. The differences 
measured between the two ionization stages should be explained 
by strong NLTE effects expected for VI lines. 

Chromium. We derived individual chromium abundances 
for 28 CrI lines, but we excluded the transitions located at 
4756.11 A and 5237.35 A because of the higher abundances in 
comparison with results from other lines, and we obtained the 
abundance A(Crl) = 4-2.95 based on seven CrI lines. The fitting 
procedure used for Cr 14254.33 A line is shown in Eig. IB. 141 In 
addition, it was possible to use seven CrII lines in HD 140283 to 
derive the abundance A(Crll) = 4-3.32, higher by 0.37 dex than 
the result obtained from the neutral species. 

Manganese. The only manganese stable isotope is ^^Mn, 
with nuclear spin 1 = 5/2. In addition to the three lines belong¬ 
ing to the resonance triplet (Mnl 4030.75 A, 4033.06 A, and 
4034.48 A), it was also possible to measure 13 subordinate lines. 
We took the HES properly into account based on the hyperfine 
structure line component patterns from Den Hartog et al. (2011), 
which also present the sources for hyperfine coupling constants. 
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It is well known that the abundances derived from the triplet 
resonance lines are systematically lower in comparison with the 
results from subordinate lines in very metal-poor giant stars. 
Indeed, the result we obtained for HD 140283 using the triplet 
A(Mnl) = h- 2.31 is lower than A(Mnl) = h- 2.56 derived from 
the subordinate lines. The resonance triplet lines are more sus¬ 
ceptible to NLTE effects, and for this reason we did not include 
them in the average Mn abundance. The line Mnl 4041.35 A is 
shown in Fig. IB. 14l (lower panel). 

Iron. We used equivalent widths to derive the final abun¬ 
dances A(Fel) = -1-4.91 and A(Fell) = -h 4.96, as described in 
Sect.lO 

Cobalt. Individual cobalt abundances were derived from 17 
Col lines. The final abundance A(CoI) = h- 2.69 was computed 
excluding the lines located at 3861.16 A and 3873.11 A because 
of the higher differences in comparison with the average abun¬ 
dance. 

Nickel. For this element we derived the abundance A(Ni I) = 
-1-3.76 based on 43 Nil lines. In Fig. IB.151 (upper panel) we 
show the Nil 3858.29 A line. We were also able to use the 
Nill 3769.46 A line in the present spectrum to derive the abun¬ 
dance A(Ni II) = h- 3.88 in this star. 

Zinc. The isotopic structure of zinc is complex (see Table 
S), but HFS is not needed to be accounted for, therefore, we as¬ 
sumed Zn as having a unique isotope with wavelengths dom¬ 
inated by the ®"^Zn. The abundance A(Znl) = -1-2.21 was de- 
rived from the Znl 4722.15 A and Znl 4810.53 A (see Fig. 
IB.151 lower panel) lines, with oscillator strengths adopted from 
Roederer & Fawler (2012). 

4.5. Neutron-capture elements 

S trontiuni. In HD 140283 the Sr abundance was derived based 
on three SrII lines located at 4077.72 A, 4215.52 A, and 
10327.31 A. These transitions show HFS effects, but hyper- 
fine coupling constants only exist for ^^Sr (Borghs et al. 1983), 
which accounts for less than 7% of Sr (Asplund et al. 2009). 
In addition, the atomic lines from the even isotopes ^"^Sr, ^®Sr, 
and ®^Sr appear as single lines due to the small isotopic split¬ 
ting for Sr (Hauge 1972). In conclusion, we treated each Sr line 
as a single component, with oscillator strengths adopted from 
Gratton & Sneden (1994), which gives an average abundance of 
A(Srll) = 4-0.10. In the upper panel of Fig. [H we show the fitting 
procedure used for the SrII 4077.72 A line. 

Our NFTF strontium atomic model was described in 
Andrievsky et al. (2011), where it was applied to a sample of 
metal-poor stars. We analysed the same two blue SrII lines at 
4077.72 A and 4215.52 A (see upper panel in Fig. lB.16l) . and a 
third line in the near-infrared located at 10327.31 A (see lower 
panel in Fig. IB.161) . with a final NFTF abundance A(SrII) = 
4-0.03 as the adopted result. 

In Andrievsky et al. (2011) the NFTF corrections were cal¬ 
culated for the SrII 4077.72 A, 4215.52 A, besides near-infrared 
lines for different temperatures and gravities. Considering Fig. 7 
of Andrievsky et al. (2011), at Teff = 5750 K and log g - 3.7 the 
correction should be small and positive. We obtained a NFTF 
strontium abundance that is slightly lower than the FTF abun¬ 
dance. We suggest that main reasons for this discrepancy can 
be the result of: a) the FTF results from Turbospectrum may use 
slightly different atomic constants; and b) this star is more metal- 
rich ([Fe/H] = -2.59) than the calculations for [Fe/H] = -3.0 
given in Andrievsky et al. (2011). 



Fig. 4. FTF strontium abundance in HD 140283 from 
SrII 4077.72 A line (upper panel) and yttrium abundance from 
YII 3774.33 A line (lower panel). Symbols are the same as in 
Fig. 13 


Yttrium. For yttrium it was possible to check in FTF five YII 
lines, using oscillator strengths adopted from Hannaford et al. 
(1982) and Grevesse et al. (2015), with A(Y II) = -0.78 as the fi¬ 
nal abundance. The synthetic profile adopted for YII 3774.33 A 
is shown in Fig.|3(lower panel), which takes the continuum af¬ 
fected by the HI 1 line from the Balmer series into account. 

Zirconium. After inspecting the spectrum, we decided to re¬ 
tain only the three best Zr II lines available, located at 3836.76 A, 
4208.98 A and 4443.01 A, to derive the FTF zirconium abun¬ 
dance. The log gf values were adopted from Biemont et al. 
(1981), with final FTF abundance of A(Zrll) = -0.07 (see Fig. 
0 . 

Barium. The FTF barium abundance was previously 
analysed in Paper I, based on the Ball 4554.03 and 
Ball 4934.08 A lines, with oscillator strengths adopted from 
Gallagher (1967) and hyperhne structure line component pat¬ 
terns from Me William (1998). We added two other Ball lines, 
located at 6141.71 A and 6496.90 A, with oscillator strengths 
and HFS from Barbuy et al. (2014). With nuclear spin I = 3/2, 
we took the Ba isotopic nuclides into account according to Table 
0 

Figure |6] shows the synthetic profiles computed for the Ball 
lines. The blue wing of the Ball 4934.08 A line is blended 
with Fel 4934.01 A, which we took properly into account us¬ 
ing log gf - -0.59, adjusted to describe the observed spec¬ 
trum. The individual abundance agrees with the result derived 
from the clear Ball 4554.03A line. To compute the profile 
for Ball 6141.71 A, it is important to include a blend with 
Fe 16141.73 A for which we adopted log gf = -1.60 (Barbuy et 
al. 2014). For Ball 6496.90 A there is a telluric line located in 
the blue wing in the present spectrum. The individual abundance 
agrees with that derived from 6141.71 A line, but it is slightly 
higher in comparison with the results from the first two Ba lines. 
We decided to adopt A(Ball) = -1.22 as the final FTF abun¬ 
dance. 
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Fig. 5. LTE zirconium abundance in HD 140283 from 
Zrll 4208.98 A (upper panel) and Zrll 4443.01 A (lower panel) 
lines. Symbols are the same as in Fig. [3] 
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Fig. 6. LTE barium abundance in HD 140283 from 
Ba II 4554.03 A (upper left panel), Ba II 4934.08 A (upper right 
panel), Ball 6141.71 A (lower left panel), and Ball 6496.90 A 
(lower right panel) lines. Symbols are the same as in Fig. [3] 



Lambda (angstrom) 



Lambda (angstrom) 

Fig. 7. LTE lanthanum abundance in HD 140283 from 
La II4123.22 A line (upper panel) and cerium abundance in from 
Cell 4083.22 A line (lower panel). Symbols are the same as in 
Fig. 13 

La isotope, with nuclear spin 1 = 7/2, and the hyperfine coupling 
constants adopted basically from Lawler et al. (2001), but also 
from Furmann et al. (2008) and Honle et al. (1982) when not 
in the basic reference. We also adopted experimental oscillator 
strengths from Lawler et al. (2001). 

Cerium. For cerium, we used the improved laboratory transi¬ 
tion probabilities presented in Lawler et al. (2009) to derive the 
LTE abundance A(Cell) = -0.83, based on two Cell lines lo¬ 
cated at 4083.22 A (lower panel in Fig.|3) and 4222.60 A. These 
are well known as good abundance indicators (e.g. Hill et al. 
2002). The local continuum around Ce II 4083.22 A is defined by 
the blue wing of the H(5 line. These lines are weak in HD 140283, 
but still clearly detectable as a result of the high quality of the 
spectrum. These two lines give [Ce/Fe] = -1-0.36 and -t-0.01, re¬ 
spectively, and a corresponding mean overbundance of cerium 
[Ce/Fe] = -1-0.18. The overabundance is therefore to be taken 
with caution. 

Europium. Paper I was dedicated to derive the LTE eu¬ 
ropium abundance in HD 140283, using the isotopic fractions 
in the solar material (Table HI with nuclear spin I = 5/2. 
The final abundance A(EuII) = -2.35 + 0.07 was obtained 
from Lull 4129.70 A, which is consistent with the upper limit 
A(EuII) < -2.39 estimated from the Lull 4205.05 A line. 


A NLTE atomic model of Ba II was presented in Andrievsky 
et al. (2009). Three Ball lines were analysed in HD 140283: 
4554.00 A, 6141.70 A, and 6496.92 A (see Fig. IBJ^ . We ap¬ 
plied the odd-to-even isotopic ratio 50:50, which is applicable to 
old metal deficient stars, to synthesize the Ball 4554.00 A line. 

Lanthanum. For lanthanum, available transitions are too 
weak to enable us to derive a robust value for the La abundance, 
but the upper limit of LTE abundance A(Lall) < -1.85 was es¬ 
timated from the Fall 4123.22 A line (see upper panel in Fig. 
|3l. This profile is located in the red wing of the Hd line, ac¬ 
counted for in the spectrum synthesis. We only used the major 


5. Discussion 

In Table |6] we present the abundances derived in LTE for 25 
elements and an upper limit for lanthanum along with abun¬ 
dances derived in NLTE for 9 elements, and the final abundances 
adopted. This table also includes abundances from Honda et 
al. (2004a) and abundances, for As, Se, Pt, Pb, from Roederer 
(2012) and. Mo and Ru, from Peterson (2011). All of these are 
scaled to the metallicity and solar abundances adopted in this 
analysis. 

We adopted as final abundances those analysed with NLTE 
models (Tabled, for the nine elements studied in NLTE, other- 
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Fig. 8. Comparison of the LTE [O/Fe] ratio obtained for the giant 
stars in the Large Programme “First Stars” based on the forbid¬ 
den [OI] 6300.31 A line (blue filled dots) and in HD 140283 
(red star). The blue open circles represent the two componnents 
of the turnoff binary CS 22876-032. 
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Fig. 9. Abundance pattern of HD 140283 based on the present 
results (red circles) and literature (blue circles). The dotted line 
is the abundance pattern of CS 31082-001, an r-II EMP star, rep¬ 
resenting the expected abundances for an r-rich star, rescaled to 
match the Eu abundance in HD 140283. 



Fig. 10. Comparison of the abundance pattern of HD 140283, 
based on the present results and literature (blue squares), with 
the pattern of HD 122563 (green circles) and CS 31082-001 
(black dots). The solid line is the residual solar r-process pat¬ 
tern. 


Table 6. Abundances in HD 140283 computed in LTE, NLTE, 
and final abundances adopted. Iron is only computed in LTE. 


Element 

[X/Pe]//o 4 

[X/Pe]i7-£ 

[X/Pe]Ai/,7’£ 

[X/F e] adopted 

Ee 

-2.53 

-2.59 

— 

-2.59 

Li 

— 

+2.14 

+2.20+ 

+2.20 

C(CH) 

+0.47 

+0.46 

— 

+0.46 

C(CI) 

— 

+0.60 

+0.16 

+0.16 

N(CN) 

— 

+ 1.06 

— 

+ 1.06 

O 

— 

+0.97 

+0.90 

+0.90 

Na 

— 

-0.04 

-0.29 

-0.29 

Mg 

+0.25 

+0.26 

+0.43 

+0.43 

Al 

-0.94 

-0.91 

-0.17 

-0.17 

Si 

+0.34 

+0.38 

— 

+0.38 

K 

— 

+0.54 

+0.26 

+0.26 

Ca 

+0.33 

+0.27 

+0.42 

+0.42 

Sc 

+0.10 

+0.10 

— 

+0.10 

Ti 

+0.36 

+0.33 

— 

+0.33 

V 

+0.21 

+0.22 

— 

+0.22 

Cr 

+0.30 

+0.08 

— 

+0.08 

Mn 

-0.25 

-0.29 

— 

-0.29 

Co 

+0.25 

+0.29 

— 

+0.29 

Ni 

+0.13 

+0.12 

— 

+0.12 

Zn 

— 

+0.25 

— 

+0.25 

Ge 

— 

— 

— 

< -0.46 

As 

— 

— 

— 

+0.38* 

Se 

— 

— 

— 

-0.15* 

Sr 

-0.31 

-0.18 

-0.30 

-0.30 

Y 

-0.46 

-0.40 

— 

-0.40 

Zr 

-0.14 

-0.07 

— 

-0.07 

Mo 

— 

— 

— 

+0.19^ 

Ru 

— 

— 

— 

< +0.99“ 

Ba 

-0.96 

-0.81 

-0.63 

-0.63 

La 

— 

< -0.36 

— 

< -0.36 

Ce 

— 

+0.18 

— 

+0.18 

Eu 

— 

-0.28 

— 

-0.28 

Pt 

— 

— 

— 

< +0.37* 

Pb 

— 

— 

— 

< +1.54* 


References. H04: Honda et al. (2004a,b); LTE: this work, in LTE; 
NLTE: this work, in NLTE. f: based on the NLTE corrections from 
Asplund et al. (2006). References: 1 Roederer (2012); 2 Peterson 
( 2011 ). 


wise we adoted the LTE results. The LTE abundances for Sc, V, 
and Cr are the average from neutral and ionized lines. Eor Mg II, 
Si II, and Ca II, for which individual lines are reported in Table 
IA.21 the number of useful lines are too small in comparison with 
the neutral species, so we did not include them in the average 
results. 

5.1. Comparison with the iiterature 

The forbidden [OI] 6300.31 A line is considered the best oxy¬ 
gen abundance indicator, given that it is not affected by NLTE 
effects. We derive an abundance of A(0) = h- 6.95. The triplet 
lines at 7774-7 A and 8446 A computed in NLTE give an oxygen 
abundance A(0) = -1-7.02, and [O/Ee] = -t-0.90 was derived for 
HD 140238. Note that Ee was only computed in LTE. Melendez 
et al. (2006) found a difference of AFe^fiTE-LTE - -1-0.08 dex, 
which would reduce the oxygen overabundance to [O/Ee] = 
-1-0.82. This absolute oxygen abundance is in rather good agree¬ 
ment with previous NLTE derivation by Melendez et al. (2006) 
of A(0) = -b6.97, and [O/Ee] = -1-0.57, where the difference in 
oxygen to iron is due to their metallicity of [Ee/H] = -2.25 
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value (in NLTE), higher by 0.34 dex than the present value of 
[Fe/H] = -2.59. Values of [Fe/H] = -2.3, [O/H] = -1.67 and 
[O/Fe] = -1-0.7 were adopted by Bond et al. (2013). 

In Fig. [8]we present a comparison of the FTE [O/Fe] abun¬ 
dance ratios obtained for the giant stars analysed in the Farge 
Programme “First Stars” (Cayrel et al. 2004; Spite et al. 2005) 
based on the forbidden [OI] 6300.31 A line, with the result 
derived for HD 140283. We computed [O/Fe] in HD 140283, 
adopting the solar oxygen abundance A(0) = -1-8.77 for com¬ 
patibility with the Farge Programme. The [O/Fe] ratio obtained 
in the two components of the well-known spectroscopic turnoff 
binary CS 22876-032 (Gonzalez Hernandez et al. 2008) from 
the OH band, which includes corrections for 3D effects, are also 
presented. 

The high nitrogen abundance of [N/Fe] = -1-1.06, and a con¬ 
sequent high [C-i-N-bO/Fe] abundance ratio confirms previous 
findings by Barbuy (1983). 

The results from Honda et al. (2004a) reported in Table |6] 
were derived from a high-resolution and high-S/N spectrum ob¬ 
tained with the Subaru High Dispersion Spectrograph. The Cr 
abundance is the only result significantly different from ours for 
which the present value is 0.22 dex lower in comparison with 
their result. In both cases the abundance is the average of Cr I and 
Cr II lines. Honda et al. (2004a) adopted a T^fi 120 K lower and a 
gravity log g 0.2 dex lower with respect to our set of parameters, 
whereas they used the same value for microturbulence, which is 
the most important error source in Cr abundance. However, their 
Cr abundance was derived only based on three lines, in compari¬ 
son with 33 lines in the present work, which we consider a more 
reliable final abundance. 

Roederer (2012) analysed the zinc abundance in HD 140283 
based on two Znl lines also used in the present work, with a 
spectrum obtained with HARPS/ESO, deriving a result 0.08 dex 
lower in comparison with our abundance. However, the signal- 
to-noise ratio achieved in the present work is much higher than 
the value from Roederer (2012) (250 at 4500 A), leading us to 
adopt the present result as the final Zn abundance. In addition, 
Roederer (2012) was able to use the UV Znll line located at 
2062.00 A with a spectrum obtained with STIS/HST to derive 
A(Znll) = +2.21, or [Znll/Fe] = -t-0.30, which is higher than 
the result from neutral transitions. 

For strontium, the FTE result of [SrII/Fe] = -0.17 de¬ 
rived here agrees with the result from Roederer (2012), which 
used the same two Sr II lines, but with log gf - -t-0.15 for 
Sr II 4077.7 A, slightly lower than the adopted value. On the 
other hand, this value is higher in comparison with the FTE re¬ 
sults from Honda et al. (2004a). Our adopted NFTE analysis 
gives [SrII/Fe] = -0.30. 

The yttrium abundance was derived in Honda et al. (2004a,b) 
based on three YII lines, located at 3788.70 A, 3950.35 A, and 
4883.69 A. We added another two YII lines and the derived 
abundance [Y II/Fe] = -0.40 is slightly higher than the result 
from Honda et al. (2004a,b), and it is in very good agreement 
with the abundance derived in Peterson (2011). 

The zirconium abundance we derived is 0.1 dex higher than 
the result from Honda et al. (2004a,b), where two Zr II lines lo¬ 
cated at 3836.76 A and 4208.98 A were analysed. We adopted 
the same values of oscillator strengths, and also used an extra 
Zrll line located at 4443.01 A, with individual abundances in 
agreement with the result from the 4208.98 A line. Roederer 
(2012) also obtained a Zr abundance 0.1 dex lower than the 
present result, using the Zrll lines at 3998.96 A, 4149.20 A, 
and 4208.98 A, in common with our analysis. For the latter line. 


Roederer (2012) obtained A(Zrll) = -0.09, only 0.04 dex lower 
than the present result. In our spectrum the lines 3998.96 A and 
4149.20 A appear severely blended and they were excluded. In 
addition, Peterson (2011) derived an intermediate Zr abundance 
between the present value and that from Roederer (2012), in 
agreement with our result within error bars. 

5.2. Source of neutron-capture elements 

Truran (1981) suggested an early enrichment of heavy elements 
uniquely through the r-process, arguing that there would be no 
time for the s-process to operate before the formation of the old¬ 
est stars. In this scenario, even dominantly s-process elements 
such as Sr, Y, Zr, and Ba, would have been produced by the r- 
process in their relatively reduced amounts. 

Given the recent discussions on the r-process or s-process 
origin of the heavy elements in HD 140283, below we try to 
understand the results concerning this star. Since HD 140283 is 
one of the oldest stars known so far, formed shortly after the Big 
Bang, it is a natural test star for studies of early heavy element 
formation. 

As described in Paper I, the barium isotopic abundances in 
HD 140283 are subject to intense debate in the literature. In a 
ID FTE study of barium isotopes, Gallagher et al. (2010, 2012) 
found isotope ratios close to the s-process-only composition. 
This is supported by Collet et al. (2009), using 3D hydrodynam- 
ical models, where a maximum fraction of 15+34% contribution 
of the r-process to the isotopic mix in HD 140283 is derived. 
More recently, Gallagher et al. (2015) carried out 3D calcula¬ 
tions of the barium isotopic lines in HD 140283, and the authors 
now favour a dominant r-process signature imprinted in the bar¬ 
ium isotopes in HD 140283. Gallagher et al. (2015) suggest that 
further work is needed to improve the line formation in 3D, and 
that NFTE has to be taken into account. 

The [Eu/Ba] ratio is the unambigous indicator as to whether 
the heavy elements in HD 140283 are dominantly r- or s-process. 
In Paper I we concluded that the [Eu/Ba] = +0.58 ± 0.15 value 
indicates that r-process is the dominant nucleosynthesis process. 
We found an FTE Ba abundance A(Ba) = -1.22, in agreement 
within errors with A(Ba) = -1.28 from ID calculations in FTE 
derived by Gallagher et al. (2015). With the newly derived Ba 
abundance, the ratio [Eu/Ba] = +0.53 ±0.18 confirms the previ¬ 
ous conclusion concerning the dominant r-process origin. 

An NFTE Ba abundance A(Ba) = -1.05, or [Ba II/Fe] = 
-0.63 is derived here, and a lower [Eu/Ba] = +0.34 ratio is 
obtained in this case. If an NFTE Ba abundance is considered, 
NFTE Eu also has to be considered: Mashonkina et al. (2012) 
presented NFTE abundance corrections for the Eu II4129 A line 
in cool stars, showing that the corrections are small (lower than 
0.1 dex) and positive for this element and these types of stars, 
which would turn the present [Eu/Ba]s;0.44. A further ingredi¬ 
ent is 3D vs. ID calculations: Gallagher et al. (2015) reported 
A(Ba) = -1.43 in HD 140283 from FTE 3D calculations, there¬ 
fore, with a 0.15 dex lower value for the 3D with respect to ID 
calculations, and in this case FTE [Eu/Ba(3D)] = +0.74 is ob¬ 
tained, or else adding the 3D effect to [Eu/Ba]« j 0.44 above, gives 
[Eu/Ba]«0.59. In Table|7]we try to summarize all [Eu/Ba] values 
given above. 

According to Simmerer et al. (2004), a pure r-process contri¬ 
bution gives [Eu/Ba],. = +0.698, whereas [Eu/Ba]^ = -1.621 is 
the abundance pattern due to the pure s-process. Recent models 
for the solar s-process abundances (Bisterzo et al. 2014) predict 
the same contribution for Ba in comparison with Simmerer et al. 
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Table 7. [Eu/Ba] abundance ratios expected from the r- and s- 
process, and derived in HD 140283. 


Source 

[Eu/Ba] 

^pure r-process 

+0.698 

tpure s-process 

-1.621 

EuiD+ir£ + BaiD+i7-£ 

+0.53 

^^ID+LTE + ^^ID+NLTE 

+0.34 

Euio+ij-£ + *Ba3o+i7-£ 

+0.74 

'^^^\D+NLTE + ^^\D+NLTE 

+0.44 

*^Euio+a//.7’£ + *Ba3o+iVLr£ 

+0.59 


References, f: Simmerer et al. (2004); A: 3D correction from Gallagher 
et al. (2015); 0: NLTE correction from Mashonkina et al. (2012). 


(2004), and a slightly higher contribution for the Eu abundance; 
2.7% from Simmerer et al. (2004); 6.0+0.4% from Bisterzo et al. 
(2014). In conclusion, the abundance ratios [Eu/Ba] described 
above do not change significantly. 

If a lower [Eu/Ba] value relative to Paper I is confirmed, 
it may indicate that the contribution from the s-process to the 
heavy elements is not so small. Table|2]shows that no clear con¬ 
clusion can be reached, but that conclusions from Paper I are 
still favoured. This discussion indicates that a robust 3D+NLTE 
synthesis is needed to enable further conclusions. 

5.2.1. Abundance pattern 

Eigure |9] shows the abundance pattern of HD 140283, based on 
values derived in the present work (red circles), as well as results 
from the literature (blue circles), where upper limits are also in¬ 
dicated. The upper panel presents the elements from carbon to 
zinc, where carbon from both CH and CI lines are indicated. The 
neutron-capture elements are shown in the lower panel. As a ref¬ 
erence abundance pattern, we used the r-element enhanced EMP 
(r-II) star CS 31082-001 (Barbuy et al. 2011; Siqueira-Mello 
et al. 2013) for comparison (dotted line), rescaled to match the 
dominantly r-process europium abundance in HD 140283. This 
figure shows the overabundance of the lighter heavy elements 
(including Sr, Y, and Zr) in comparison with expected values 
from an r-rich star. 

The LTE abundances of Ba and Sr result in [Sr/Ba] = 
+0.63 for HD 140283. If we take the LTE 3D Ba correc¬ 
tion from Gallagher et al. (2015) into account, this value 
would be [Sr/Ba] = +0.78, even more overabundant. The 
newly derived NLTE abundances of Ba and Sr give [Sr/Ba] = 
+0.33, or [Sr/Ba] = +0.48 if the 3D Ba correction is applied. 
Overabundances are also obtained for Y and Zr, reaching val¬ 
ues of [Y/Ba] = +0.41 and [Zr/Ba] = +0.74 in the present 
work, using only the LTE results. With the NLTE Ba abundance 
these ratios decrease to [Y/Ba] = +0.23 and [Zr/Ba] = +0.56 
in HD 140283, but the 3D Ba correction enhances these values 
to [Y/Ba] = +0.38 and [Zr/Ba] = +0.71. In Table |8] these val¬ 
ues are summarized, showing that it is important to account for 
NLTE and 3D effects to evaluate these abundance ratios. 

Several authors found high abundance ratios of first peak el¬ 
ements Sr, Y, Zr, with respect to Ba: [Sr,Y,Zr/Ba] > 0, in very 
metal-poor stars (e.g. Honda et al. 2004a,b; Honda et al. 2006; 
Erangois et al. 2007; Cowan et al. 2011). According to Simmerer 
et al. (2004), in the solar material these elements are mainly pro¬ 
duced by the s-process, with fractions of 89%, 72%, and 81%, 
respectively, but recent results described in Bisterzo et al. (2014) 
are different for some elements (Sr: 68.9+5.9%; Y: 71.9+8.0%; 


Table 8. [Sr, Y, Zr/Ba] abundance ratios derived in HD 140283. 


Source 

Abundance 

Siid+lte + Baio+Lrfi 

[Sr/Ba] = 

+0.63 

Slw+NLTE + Baio+;VLr£ 

[Sr/Ba] = 

+0.33 

Siw+LTE + *Ba3D+i7-£ 

[Sr/Ba] = 

+0.78 

Siid+nlte + *Ba3o+]VLr£ 

[Sr/Ba] = 

+0.48 

'^ID+LTE + BaiD+/,7-£ 

[Y/Ba] = 

+0.41 

Y [d+lte + Bajo+Aj/^rE 

[Y/Ba] = 

+0.23 

Yid+lee + *Ba3o+jv£7-£ 

[Y/Ba] = 

+0.38 

'Z'tw+LTE + ^^ID+LTE 

[Zr/Ba] = 

+0.74 

'ZX\D+LTE + Baio+AfLEE 

[Zr/Ba] = 

+0.56 

D+LTE + *Ba3£)+jVLrE 

[Zr/Ba] = 

+0.71 


References, a: 3D correction from Gallagher et al. (2015). 


Zr: 66.3+7.4%). Therefore, while a mechanism responsible for 
a r-II pattern is claimed to explain the nucleosynthesis of the 
heaviest trans-iron elements, an extra mechanism (such as trun¬ 
cation or other) should act to produce the enhancement of the 
lightest heavy elements relative to the heaviest elements, which 
must occur very early in the history of the Universe. 

Several models in the literature find that supernova explosion 
explain the overabundances of the first peak elements in metal- 
poor stars. Montes et al. (2007) provided evidence for the exis¬ 
tence of a light element primary process that contributes to the 
nucleosynthesis of most elements in the Sr to Ag range, produc¬ 
ing early high [Sr,Y,Zr/Ba] ratios. The astrophysical scenarios in 
neutrino-driven winds are claimed as promising sources of light 
trans-iron elements (Wanajo2013, Arcones et al. 2013). See also 
the LEPP (e.g. Bisterzo et al. 2014). 

Hansen et al. (2014) show that the observed patterns may be 
obtained by combining an r- and an s-pattern, but the ’s’ has to be 
(slowly) produced in another generation (AGB?), not very com¬ 
patible with the great age of the star. Yet, a full understanding 
of core collapse supernova explosion using 3D hydrodynamical 
modelling is needed. 

A possibility that HD 140283 formed in a very early dis¬ 
persed cloud could also lead to a previous early chemical en¬ 
richment or pollution by massive AGB stars, which overproduce 
the first peak s-process elements (Bisterzo et al. 2010). In this 
scenario, a previous enrichment in Ee seeds is needed, and the 
timescale of the whole process is too long and not ideal for such 
an old star. 

In Eig. [To] we show the abundance pattern in HD 140283 
(blue squares) compared with the values obtained in HD 122563 
(green circles), a metal-poor star well-known for its excesses of 
light neutron-capture elements. The abundances of the heavy el¬ 
ements in HD 122563 have been taken from Honda et al. (2006), 
Cowan et al. (2005), and Roederer et al. (2010). As references, 
we included the abundances of CS 31082-001 (black dots) and 
the residual solar r-process pattern, following the deconvolution 
by Simmerer et al. (2004). The data were rescaled to match the 
europium abundances. The overabundance of first peak elements 
derived in HD 140283 are only slighly lower than the values ob¬ 
served in HD 122563. 

In conclusion, Eigures|3and[T0|show overabundances of the 
first-peak heavy elements, and, at a lower level, also of Ba, La 
and Ce, with respect to CS 31082-001 and the residual solar r- 
process. It is not clear if the extra mechanism claimed to explain 
the higher abundances of light neutron-capture elements might 
also produce heavier elements, but less efficiently. 
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The overabundance of cerium [Ce/Fe] = -1-0.18, a domi¬ 
nantly s-process element (83.5+5.9% in the solar material, from 
Bisterzo et al. 2014), was also found in other few stars. In 
Francois et al. (2007), the star CS 30325-094 also showed a 
high Ce overabundance [Ce/Fe] = +0.43, however, with de¬ 
ficient values for other s-elements like Ba ([Ba/Fe] = -1.88) 
and Sr ([Sr/Fe] = -2.24). In Fig. |9] and [10] the Ce abundance 
in HD 140283 is clearly higher than the r-process pattern, and 
the same behaviour is observed in HD 122563. Because of the 
difficulty in explaining the abundance pattern of HD 122563 as 
a combination of the r-process and the main s-process, Honda 
et al. (2006) suggested a single process that is responsible for 
the enhancement of the light neutron-capture elements and the 
production of heavy elements in this star. A truncation process 
in the initial supernova (Aoki et al. 2013) could be a possible 
solution. A new model of hypernova shows that the explosion 
correctly produces the abundances of the elements observed in 
HD 122563, therefore, explaining the so-called weak r-process 
(Fuiibayashi et al. 2015) as well as the similar pattern derived in 
HD 140283. 

6. Conclusions 

We used a high-S/N and high-resolution spectrum of 
HD 140283, obtained with a seven hour exposure with the 
ESPaDOnS spectrograph at the CFHT telescope, to provide a 
line list for metal-poor subgiant stars of which HD 140283 is 
a template. We carried out a detailed derivation of abundances, 
using both LTE and NLTE calculations, based on as many as 
possible reliable lines available. 

In Paper I we concluded that the derived europium abun¬ 
dance was indicative of an r-process origin for europium. The 
present LTE [Eu/Ba] = +0.53 ±0.18 confirms that conclusion. 
Combining the newly derived NLTE Ba abundance with NLTE 
corrections for Eu and 3D corrections for Ba from recent lit¬ 
erature, the abundance ratio [Eu/Ba] = +0.59 + 0.18 also indi¬ 
cates a small contribution (if any) from the main s-process to the 
neutron-capture elements in HD 140283. 

An extra mechanism is claimed to explain the overabun¬ 
dances of lighter heavy elements, in addition to an r-II abun¬ 
dance pattern responsible for the heavier elements, and possible 
astrophysical scenarios are discussed. The high Ba, La, and Ce 
abundances derived in HD 140283 are similar to those in HD 
122563, and these two stars may be excellent examples of abun¬ 
dances dominated by the weak r-process. 
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Table A.l. Fe and Ti lines adopted: species, wavelength (A), excitation potential (eV), oscillator strengths from VALD and NIST, measured 
equivalent widths EWs (mA), errors on the EWs, resulting abundances and associated errors. 


Species 

T(A) 

A«(eV) 

log gfvALD 

log 8fNIST 

EW(mA) 

crEW(mA) 

A(X) 

crA(X) 

Til 

3989.757 

0.021 

-0.198 

-0.126 

21.37 

0.73 

2.73 

0.02 

Til 

3998.637 

0.048 

-0.056 

0.016 

24.37 

0.40 

2.69 

0.01 

Til 

4533.240 

0.848 

0.476 

0.476 

16.57 

0.39 

2.69 

0.01 

Til 

4534.776 

0.836 

0.280 

0.280 

11.62 

0.15 

2.69 

0.01 

Til 

4656.468 

0.000 

-1.345 

-1.283 

2.41 

0.10 

2.74 

0.02 

Til 

4681.908 

0.048 

-1.071 

-1.009 

3.66 

0.15 

2.70 

0.02 

Til 

4981.731 

0.848 

0.504 

0.504 

18.61 

0.25 

2.70 

0.01 

Til 

4991.067 

0.836 

0.380 

0.380 

15.63 

0.23 

2.71 

0.01 

Til 

4999.502 

0.826 

0.250 

0.250 

12.21 

0.17 

2.71 

0.01 

Til 

5064.652 

0.048 

-0.991 

-0.929 

4.75 

0.08 

2.71 

0.01 

Til 

5173.740 

0.000 

-1.118 

-1.070 

4.15 

0.09 

2.72 

0.01 

Til 

5192.969 

0.021 

-1.006 

-0.960 

5.14 

0.09 

2.73 

0.01 

Til 

5210.384 

0.048 

-0.884 

-0.850 

5.87 

0.11 

2.70 

0.01 

Till 

3913.461 

1.116 

-0.410 

-0.416 

67.64 

0.44 

2.69 

0.01 

Till 

4028.338 

1.892 

-0.960 

-0.959 

12.21 

0.20 

2.67 

0.01 

Till 

4290.215 

1.165 

-0.930 

-0.848 

46.82 

1.22 

2.74 

0.03 

Till 

4394.059 

1.221 

-1.770 

-1.784 

11.06 

0.40 

2.73 

0.02 

Till 

4395.839 

1.243 

-1.970 

-1.928 

7.49 

1.05 

2.76 

0.06 

Till 

4399.765 

1.237 

-1.220 

-1.186 

30.09 

0.66 

2.75 

0.02 

Till 

4417.714 

1.165 

-1.230 

-1.430 

32.10 

0.35 

2.73 

0.01 

Till 

4418.331 

1.237 

-1.990 

-1.965 

6.40 

0.15 

2.70 

0.01 

Till 

4443.801 

1.080 

-0.700 

-0.717 

60.61 

0.57 

2.70 

0.01 

Till 

4444.555 

1.116 

-2.210 

-2.030 

5.38 

0.14 

2.72 

0.01 

Till 

4450.482 

1.084 

-1.510 

-1.518 

23.92 

0.65 

2.74 

0.02 

Till 

4464.449 

1.161 

-1.810 

-2.080 

11.61 

0.27 

2.73 

0.01 

Till 

4468.492 

1.131 

-0.600 

-0.620 

62.82 

0.59 

2.69 

0.01 

Till 

4470.853 

1.165 

-2.060 

-2.280 

5.66 

0.10 

2.64 

0.01 

Till 

4501.270 

1.116 

-0.760 

-0.767 

57.13 

0.50 

2.71 

0.01 

Till 

4533.960 

1.237 

-0.540 

-0.770 

59.54 

1.28 

2.66 

0.03 

Till 

4563.757 

1.221 

-0.790 

-0.960 

49.56 

0.41 

2.69 

0.01 

Till 

4571.971 

1.572 

-0.320 

-0.317 

52.66 

0.48 

2.63 

0.01 

Till 

5129.156 

1.892 

-1.240 

-1.239 

6.57 

0.36 

2.57 

0.02 

Till 

5185.902 

1.893 

-1.490 

-1.487 

4.89 

0.11 

2.68 

0.01 

Till 

5188.687 

1.582 

-1.050 

-1.220 

21.25 

0.34 

2.66 

0.01 

Till 

5226.538 

1.566 

-1.260 

-1.290 

15.23 

0.18 

2.67 

0.01 

Till 

5336.786 

1.582 

-1.590 

-1.700 

7.86 

0.13 

2.68 

0.01 

Till 

5381.021 

1.566 

-1.920 

-1.921 

3.64 

0.08 

2.64 

0.01 

Fel 

3742.616 

2.940 

-0.894 

-0.894 

17.10 

1.45 

5.05 

0.04 

Fel 

3774.824 

2.223 

-1.447 

-1.447 

13.82 

1.22 

4.79 

0.04 

Fel 

3776.455 

2.176 

-1.493 

-1.493 

16.81 

1.04 

4.90 

0.03 

Fel 

3781.186 

2.198 

-1.940 

-1.940 

7.14 

0.98 

4.93 

0.06 

Fel 

3786.677 

1.011 

-2.225 

-2.225 

38.00 

1.50 

5.00 

0.03 

Fel 

3787.880 

1.011 

-0.859 

-0.859 

88.69 

1.17 

4.91 

0.03 

Fel 

3794.339 

2.453 

-1.006 

-1.006 

19.16 

0.60 

4.75 

0.02 

Fel 

3795.002 

0.990 

-0.761 

-0.761 

86.54 

0.94 

4.74 

0.02 

Fel 

3805.342 

3.301 

0.312 

0.313 

39.69 

0.86 

4.77 

0.02 

Fel 

3807.537 

2.223 

-0.992 

-0.992 

31.34 

0.84 

4.83 

0.02 

Fel 

3808.728 

2.559 

-1.159 

-1.159 

17.27 

0.93 

4.95 

0.03 

Fel 

3817.639 

3.332 

-0.700 

-0.730 

10.72 

0.40 

4.99 

0.02 

Fel 

3821.178 

3.267 

0.198 

0.198 

37.51 

0.99 

4.80 

0.02 

Fel 

3821.834 

2.609 

-1.097 

-1.097 

17.60 

0.99 

4.95 

0.03 

Fel 

3840.437 

0.990 

-0.506 

-0.506 

100.34 

1.71 

4.76 

0.03 

Fel 

3841.048 

1.608 

-0.045 

-0.045 

95.76 

1.91 

4.78 

0.04 

Fel 

3843.257 

3.047 

-0.241 

-0.241 

30.52 

0.93 

4.86 

0.02 

Fel 

3845.169 

2.424 

-1.394 

-1.394 

12.00 

0.74 

4.86 

0.03 

Fel 

3846.409 

3.573 

-0.475 

-0.474 

7.10 

0.39 

4.80 

0.03 

Fel 

3846.800 

3.252 

-0.016 

-0.016 

31.10 

1.59 

4.85 

0.04 

Fel 

3849.966 

1.011 

-0.871 

-0.871 

89.65 

1.46 

4.92 

0.03 

Fel 

3850.818 

0.990 

-1.734 

-1.734 

60.74 

1.48 

5.02 

0.04 

Fel 

3852.572 

2.176 

-1.185 

-1.185 

26.76 

0.57 

4.86 

0.01 
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Table A.l. continued. 


Species 

d(A) 

A«-(eV) 

log gfvALD 

log 8fNIST 

EW(mA) 

crEW(mA) 

A(X) 

crA(X) 

Fel 

3856.371 

0.052 

-1.286 

-1.286 

106.06 

0.73 

4.82 

0.01 

Fel 

3863.741 

2.692 

-1.416 

-1.431 

8.10 

0.42 

4.94 

0.02 

Fel 

3865.523 

1.011 

-0.982 

-0.982 

84.09 

0.75 

4.89 

0.02 

Fel 

3867.216 

3.017 

-0.451 

-0.451 

24.67 

1.24 

4.89 

0.03 

Fel 

3878.018 

0.958 

-0.914 

-0.914 

84.72 

0.77 

4.79 

0.02 

Fel 

3885.510 

2.424 

-1.085 

-1.085 

16.73 

0.71 

4.72 

0.02 

Fel 

3891.926 

3.415 

-0.734 

-0.734 

5.60 

0.34 

4.79 

0.03 

Fel 

3893.390 

2.949 

-0.602 

-0.602 

24.29 

0.54 

4.96 

0.01 

Fel 

3899.707 

0.087 

-1.531 

-1.531 

96.90 

0.95 

4.89 

0.02 

Fel 

3906.479 

0.110 

-2.243 

-2.243 

74.72 

0.80 

5.04 

0.02 

Fel 

3907.934 

2.759 

-1.117 

-1.117 

13.00 

0.58 

4.94 

0.02 

Fel 

3916.731 

3.237 

-0.584 

-0.604 

13.66 

0.38 

4.90 

0.01 

Fel 

3917.181 

0.990 

-2.155 

-2.155 

41.86 

0.57 

4.98 

0.01 

Fel 

3918.641 

3.018 

-0.725 

-0.725 

17.86 

0.79 

4.97 

0.02 

Fel 

3920.258 

0.121 

-1.746 

-1.746 

91.10 

1.31 

5.00 

0.03 

Fel 

3922.912 

0.052 

-1.651 

-1.651 

96.55 

1.08 

4.97 

0.02 

Fel 

3925.644 

2.832 

-1.032 

-1.032 

10.67 

0.31 

4.82 

0.01 

Fel 

3925.941 

2.858 

-0.936 

-0.936 

19.19 

0.66 

5.06 

0.02 

Fel 

3930.296 

0.087 

-1.491 

-1.491 

93.36 

0.72 

4.76 

0.02 

Fel 

3937.328 

2.692 

-1.459 

-1.459 

6.83 

0.41 

4.90 

0.03 

Fel 

3941.275 

3.266 

-1.010 

-0.980 

4.87 

0.45 

4.85 

0.04 

Fel 

3942.440 

2.845 

-0.951 

-0.950 

13.24 

0.47 

4.87 

0.02 

Fel 

3946.995 

3.211 

-0.998 

-0.998 

6.63 

0.32 

4.93 

0.02 

Fel 

3948.097 

3.241 

-0.560 

-0.560 

15.46 

0.41 

4.94 

0.01 

Fel 

3949.953 

2.176 

-1.251 

-1.251 

26.72 

0.35 

4.91 

0.01 

Fel 

3951.163 

3.274 

-0.299 

-0.299 

16.77 

0.41 

4.76 

0.01 

Fel 

3955.341 

3.283 

-1.010 

-0.980 

6.28 

0.30 

4.98 

0.02 

Fel 

3957.018 

3.266 

-0.562 

-0.562 

15.71 

0.39 

4.97 

0.01 

Fel 

3977.741 

2.198 

-1.119 

-1.119 

30.11 

0.31 

4.88 

0.01 

Fel 

3985.387 

3.301 

-0.993 

-0.993 

3.76 

0.19 

4.75 

0.02 

Fel 

3997.392 

2.728 

-0.479 

-0.479 

35.56 

0.70 

4.88 

0.02 

Fel 

3998.052 

2.692 

-0.910 

-0.910 

21.60 

0.42 

4.94 

0.01 

Fel 

4005.242 

1.557 

-0.610 

-0.610 

78.47 

1.08 

4.87 

0.03 

Fel 

4007.272 

2.759 

-1.276 

-1.276 

7.84 

0.29 

4.84 

0.02 

Fel 

4009.713 

2.223 

-1.252 

-1.252 

25.27 

0.27 

4.92 

0.01 

Fel 

4021.866 

2.759 

-0.729 

-0.729 

23.94 

0.35 

4.88 

0.01 

Fel 

4024.725 

3.241 

-0.753 

-0.752 

10.34 

0.25 

4.92 

0.01 

Fel 

4030.488 

3.211 

-0.555 

-0.555 

15.53 

0.44 

4.90 

0.01 

Fel 

4063.594 

1.557 

0.062 

0.062 

105.47 

1.36 

4.76 

0.02 

Fel 

4073.762 

3.266 

-0.902 

-0.902 

7.27 

0.14 

4.92 

0.01 

Fel 

4079.838 

2.858 

-1.360 

-1.360 

5.72 

0.20 

4.87 

0.02 

Fel 

4098.176 

3.241 

-0.879 

-0.879 

6.76 

0.16 

4.83 

0.01 

Fel 

4107.488 

2.832 

-0.879 

-0.879 

18.38 

0.26 

4.94 

0.01 

Fel 

4118.545 

3.573 

0.215 

0.215 

28.95 

0.40 

4.85 

0.01 

Fel 

4120.206 

2.990 

-1.267 

-1.267 

6.42 

0.13 

4.95 

0.01 

Fel 

4121.802 

2.832 

-1.450 

-1.450 

6.83 

0.15 

5.01 

0.01 

Fel 

4132.058 

1.608 

-0.675 

-0.675 

77.88 

1.09 

4.94 

0.03 

Fel 

4132.899 

2.845 

-1.006 

-1.006 

15.31 

0.33 

4.98 

0.01 

Fel 

4134.677 

2.832 

-0.649 

-0.649 

26.79 

0.42 

4.94 

0.01 

Fel 

4136.997 

3.415 

-0.453 

-0.452 

10.28 

0.20 

4.78 

0.01 

Fel 

4139.927 

0.990 

-3.629 

-3.629 

2.72 

0.12 

4.94 

0.02 

Fel 

4143.414 

3.047 

-0.204 

-0.204 

34.04 

0.70 

4.86 

0.02 

Fel 

4143.868 

1.557 

-0.511 

-0.511 

83.25 

0.87 

4.86 

0.02 

Fel 

4147.669 

1.485 

-2.104 

-2.104 

22.53 

0.28 

4.95 

0.01 

Fel 

4152.169 

0.958 

-3.232 

-3.232 

8.71 

0.72 

5.05 

0.04 

Fel 

4153.900 

3.397 

-0.321 

-0.321 

18.17 

0.73 

4.92 

0.02 

Fel 

4154.498 

2.832 

-0.688 

-0.688 

22.97 

1.16 

4.87 

0.03 

Fel 

4154.805 

3.368 

-0.400 

-0.400 

17.16 

0.31 

4.94 

0.01 

Fel 

4156.799 

2.832 

-0.809 

-0.808 

22.82 

0.92 

4.99 

0.02 

Fel 

4157.780 

3.417 

-0.403 

-0.403 

14.31 

0.46 

4.89 

0.02 

Fel 

4175.636 

2.845 

-0.827 

-0.827 

20.73 

0.31 

4.97 

0.01 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 


Table A.l. continued. 


Species 

d(A) 

A«-(eV) 

log gfvALD 

log 8fNIST 

EW(mA) 

crEW(mA) 

A(X) 

crA(X) 

Fel 

4176.566 

3.368 

-0.805 


11.50 

0.22 

5.13 

0.01 

Fel 

4181.754 

2.832 

-0.371 

-0.371 

38.36 

0.61 

4.92 

0.01 

Fel 

4182.382 

3.017 

-1.180 

-1.180 

5.73 

0.10 

4.83 

0.01 

Fel 

4184.891 

2.832 

-0.869 

-0.869 

16.72 

0.21 

4.87 

0.01 

Fel 

4187.039 

2.449 

-0.548 

-0.548 

46.37 

0.58 

4.85 

0.01 

Fel 

4187.795 

2.425 

-0.554 

-0.554 

48.61 

0.65 

4.88 

0.01 

Fel 

4191.430 

2.469 

-0.666 

-0.666 

38.74 

0.40 

4.84 

0.01 

Fel 

4195.329 

3.332 

-0.492 

-0.492 

16.15 

0.72 

4.96 

0.02 

Fel 

4196.208 

3.397 

-0.696 

-0.696 

8.81 

0.27 

4.92 

0.02 

Fel 

4199.095 

3.047 

0.155 

0.156 

48.24 

0.53 

4.82 

0.01 

Fel 

4200.924 

3.397 

-0.827 

-0.827 

4.91 

0.13 

4.78 

0.01 

Fel 

4202.029 

1.485 

-0.708 

-0.708 

79.76 

1.04 

4.90 

0.03 

Fel 

4203.985 

2.845 

-1.010 

-1.010 

16.11 

0.33 

5.00 

0.01 

Fel 

4210.343 

2.482 

-0.928 

-0.928 

30.98 

0.42 

4.95 

0.01 

Fel 

4213.647 

2.845 

-1.290 

-1.250 

6.46 

0.16 

4.83 

0.01 

Fel 

4216.183 

0.000 

-3.356 

-3.356 

36.01 

0.37 

5.02 

0.01 

Fel 

4217.545 

3.430 

-0.484 

-0.484 

12.13 

0.24 

4.90 

0.01 

Fel 

4219.360 

3.573 

0.000 

0.000 

23.40 

0.38 

4.92 

0.01 

Fel 

4220.341 

3.071 

-1.311 

-1.311 

3.93 

0.19 

4.84 

0.02 

Fel 

4222.213 

2.450 

-0.967 

-0.967 

28.60 

0.24 

4.90 

0.00 

Fel 

4224.171 

3.368 

-0.506 

-0.506 

13.73 

0.22 

4.92 

0.01 

Fel 

4225.454 

3.417 

-0.510 

-0.510 

12.82 

0.32 

4.94 

0.01 

Fel 

4233.602 

2.482 

-0.604 

-0.604 

43.12 

0.62 

4.87 

0.01 

Fel 

4235.937 

2.425 

-0.341 

-0.341 

57.48 

0.55 

4.84 

0.01 

Fel 

4238.810 

3.397 

-0.233 

-0.233 

19.40 

0.40 

4.86 

0.01 

Fel 

4247.425 

3.368 

-0.239 

-0.239 

22.47 

0.58 

4.92 

0.01 

Fel 

4250.119 

2.469 

-0.405 

-0.405 

52.17 

0.63 

4.84 

0.01 

Fel 

4250.787 

1.557 

-0.714 

-0.714 

76.42 

0.91 

4.88 

0.02 

Fel 

4260.474 

2.399 

0.109 

0.077 

75.77 

1.32 

4.74 

0.03 

Fel 

4271.760 

1.485 

-0.164 

-0.164 

102.25 

1.79 

4.83 

0.03 

Fel 

4282.403 

2.176 

-0.779 

-0.779 

46.68 

0.74 

4.85 

0.02 

Fel 

4325.762 

1.608 

0.006 

0.006 

101.33 

2.76 

4.75 

0.05 

Fel 

4337.046 

1.557 

-1.695 

-1.695 

33.69 

0.32 

4.86 

0.01 

Fel 

4352.734 

2.223 

-1.287 

-1.287 

25.17 

0.62 

4.92 

0.02 

Fel 

4375.930 

0.000 

-3.031 

-3.031 

53.28 

0.53 

5.05 

0.01 

Fel 

4383.545 

1.485 

0.200 

0.200 

122.49 

2.23 

4.76 

0.03 

Fel 

4388.407 

3.602 

-0.682 

-0.682 

6.67 

0.22 

4.96 

0.02 

Fel 

4404.750 

1.557 

-0.142 

-0.142 

100.59 

1.42 

4.82 

0.03 

Fel 

4415.122 

1.608 

-0.615 

-0.615 

81.79 

1.02 

4.93 

0.02 

Fel 

4427.310 

0.052 

-2.924 

-3.044 

52.82 

1.09 

4.98 

0.03 

Fel 

4430.614 

2.223 

-1.659 

-1.659 

13.27 

0.24 

4.92 

0.01 

Fel 

4442.339 

2.198 

-1.255 

-1.255 

29.20 

0.39 

4.94 

0.01 

Fel 

4443.194 

2.858 

-1.043 

-1.043 

12.05 

0.21 

4.88 

0.01 

Fel 

4447.717 

2.223 

-1.342 

-1.342 

24.09 

0.26 

4.93 

0.01 

Fel 

4454.381 

2.831 

-1.299 

-1.299 

8.18 

0.19 

4.92 

0.01 

Fel 

4461.653 

0.087 

-3.210 

-3.210 

40.26 

0.49 

5.03 

0.01 

Fel 

4466.551 

2.832 

-0.600 

-0.600 

28.88 

0.30 

4.91 

0.01 

Fel 

4469.375 

3.654 

-0.477 

-0.477 

9.74 

0.29 

4.98 

0.01 

Fel 

4476.018 

2.845 

-0.819 

-0.819 

27.47 

0.33 

5.10 

0.01 

Fel 

4484.220 

3.603 

-0.864 

-0.864 

5.86 

0.20 

5.08 

0.01 

Fel 

4489.739 

0.121 

-3.966 

-3.966 

10.98 

0.20 

5.02 

0.01 

Fel 

4494.563 

2.198 

-1.136 

-1.136 

33.59 

0.36 

4.91 

0.01 

Fel 

4528.614 

2.176 

-0.822 

-0.822 

49.46 

0.82 

4.90 

0.02 

Fel 

4531.148 

1.485 

-2.155 

-2.155 

22.05 

0.46 

4.95 

0.01 

Fel 

4547.847 

3.547 

-1.012 

-1.012 

4.45 

0.14 

5.04 

0.01 

Fel 

4592.651 

1.557 

-2.449 

-2.449 

12.08 

0.20 

4.99 

0.01 

Fel 

4602.941 

1.485 

-2.209 

-2.220 

20.65 

0.36 

4.96 

0.01 

Fel 

4607.646 

3.266 

-1.467 


3.23 

0.14 

5.07 

0.02 

Fel 

4619.288 

3.603 

-1.120 

-1.080 

2.81 

0.12 

4.99 

0.02 

Fel 

4625.045 

3.241 

-1.340 


3.28 

0.17 

4.93 

0.02 

Fel 

4632.911 

1.608 

-2.913 

-2.913 

4.12 

0.16 

4.99 

0.02 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 


Table A.l. continued. 


Species 

d(A) 

A«(eV) 

log gfvALD 

log 8fNIST 

EW(mA) 

crEW(mA) 

A(X) 

crA(X) 

Fel 

4637.503 

3.283 

-1.390 

-1.340 

3.37 

0.11 

5.03 

0.01 

Fel 

4638.010 

3.603 

-1.119 

-1.119 

2.94 

0.12 

5.01 

0.02 

Fel 

4647.434 

2.949 

-1.351 

-1.351 

6.15 

0.13 

4.94 

0.01 

Fel 

4668.134 

3.266 

-1.210 


5.16 

0.14 

5.03 

0.01 

Fel 

4678.846 

3.603 

-0.833 

-0.833 

6.50 

0.13 

5.08 

0.01 

Fel 

4707.274 

3.241 

-1.080 


7.42 

0.49 

5.04 

0.03 

Fel 

4733.591 

1.485 

-2.988 

-2.987 

4.57 

0.10 

4.98 

0.01 

Fel 

4736.773 

3.211 

-0.752 

-0.752 

13.49 

0.15 

4.97 

0.01 

Fel 

4789.651 

3.547 

-0.958 

-0.958 

3.82 

0.17 

4.90 

0.02 

Fel 

4871.318 

2.865 

-0.363 

-0.362 

36.07 

0.48 

4.82 

0.01 

Fel 

4872.138 

2.882 

-0.567 

-0.567 

27.10 

0.40 

4.85 

0.01 

Fel 

4890.755 

2.876 

-0.394 

-0.394 

35.57 

0.61 

4.85 

0.01 

Fel 

4891.492 

2.851 

-0.112 

-0.112 

49.75 

0.85 

4.82 

0.02 

Fel 

4903.310 

2.882 

-0.926 

-0.926 

15.62 

0.21 

4.89 

0.01 

Fel 

4918.994 

2.865 

-0.342 

-0.342 

38.12 

0.42 

4.84 

0.01 

Fel 

4920.503 

2.833 

0.068 

0.068 

58.75 

0.85 

4.79 

0.02 

Fel 

4924.770 

2.279 

-2.241 

-2.114 

4.49 

0.10 

5.01 

0.01 

Fel 

4938.814 

2.876 

-1.077 

-1.077 

11.74 

0.21 

4.89 

0.01 

Fel 

4939.686 

0.859 

-3.340 

-3.340 

8.91 

0.14 

5.00 

0.01 

Fel 

4946.388 

3.368 

-1.170 


4.00 

0.10 

4.96 

0.01 

Fel 

4957.298 

2.851 

-0.408 

-0.408 

36.61 

0.37 

4.86 

0.01 

Fel 

4957.596 

2.808 

0.233 

0.233 

68.92 

1.14 

4.80 

0.02 

Fel 

4966.089 

3.332 

-0.871 

-0.871 

8.80 

0.18 

4.99 

0.01 

Fel 

4982.500 

4.103 

0.156 


9.85 

0.25 

4.77 

0.01 

Fel 

4983.250 

4.154 

-0.122 


5.37 

0.09 

4.81 

0.01 

Fel 

4983.853 

4.103 

-0.006 


7.52 

0.22 

4.80 

0.01 

Fel 

4985.253 

3.929 

-0.560 

-0.560 

5.01 

0.14 

4.99 

0.01 

Fel 

4985.547 

2.865 

-1.332 

-1.331 

6.47 

0.15 

4.84 

0.01 

Fel 

4994.129 

0.915 

-3.080 

-3.080 

13.01 

0.14 

4.98 

0.01 

Fel 

5001.863 

3.882 

0.010 

-0.010 

12.84 

0.26 

4.83 

0.01 

Fel 

5006.119 

2.833 

-0.638 

-0.615 

27.47 

0.40 

4.87 

0.01 

Fel 

5012.068 

0.859 

-2.642 

-2.642 

31.79 

0.53 

5.01 

0.01 

Fel 

5014.942 

3.943 

-0.303 

-0.303 

7.94 

0.11 

4.97 

0.01 

Fel 

5022.235 

3.984 

-0.530 

-0.560 

4.84 

0.14 

5.00 

0.01 

Fel 

5041.071 

0.958 

-3.087 

-3.087 

13.36 

0.26 

5.05 

0.01 

Fel 

5041.756 

1.485 

-2.203 

-2.203 

21.54 

0.47 

4.95 

0.01 

Fel 

5049.819 

2.279 

-1.355 

-1.355 

21.97 

0.32 

4.91 

0.01 

Fel 

5051.634 

0.915 

-2.795 

-2.795 

22.35 

0.26 

4.99 

0.01 

Fel 

5065.018 

4.256 

0.005 


6.23 

0.56 

4.84 

0.04 

Fel 

5074.748 

4.220 

-0.200 

-0.230 

7.74 

0.29 

5.12 

0.02 

Fel 

5078.975 

4.301 

-0.292 


4.71 

0.29 

5.06 

0.03 

Fel 

5079.740 

0.990 

-3.220 

-3.220 

8.32 

0.28 

4.97 

0.02 

Fel 

5083.338 

0.958 

-2.958 

-2.958 

15.40 

0.16 

4.99 

0.01 

Fel 

5098.698 

2.176 

-2.026 

-2.026 

9.82 

0.30 

5.05 

0.01 

Fel 

5110.413 

0.000 

-3.760 

-3.760 

24.41 

0.32 

5.08 

0.01 

Fel 

5123.720 

1.011 

-3.068 

-3.068 

11.22 

0.15 

4.99 

0.01 

Fel 

5127.359 

0.915 

-3.307 

-3.307 

8.73 

0.10 

5.01 

0.00 

Fel 

5150.839 

0.990 

-3.003 

-3.037 

9.78 

0.12 

4.83 

0.01 

Fel 

5151.911 

1.011 

-3.322 

-3.322 

6.51 

0.21 

4.98 

0.02 

Fel 

5162.273 

4.178 

0.020 


11.83 

0.15 

5.06 

0.01 

Fel 

5166.282 

0.000 

-4.195 

-4.195 

10.23 

0.11 

5.04 

0.00 

Fel 

5171.596 

1.485 

-1.793 

-1.793 

40.71 

0.46 

4.97 

0.01 

Fel 

5191.455 

3.038 

-0.551 

-0.551 

21.66 

0.29 

4.83 

0.01 

Fel 

5192.344 

2.998 

-0.421 

-0.421 

28.17 

0.35 

4.82 

0.01 

Fel 

5194.941 

1.557 

-2.090 

-2.090 

23.77 

0.31 

4.96 

0.01 

Fel 

5216.274 

1.608 

-2.150 

-2.150 

19.25 

0.24 

4.95 

0.01 

Fel 

5232.940 

2.940 

-0.058 

-0.057 

47.67 

0.70 

4.80 

0.01 

Fel 

5266.555 

2.998 

-0.386 

-0.385 

30.49 

0.51 

4.84 

0.01 

Fel 

5269.537 

0.859 

-1.321 

-1.321 

94.01 

1.15 

5.09 

0.03 

Fel 

5281.790 

3.038 

-0.834 

-0.834 

13.15 

0.18 

4.84 

0.01 

Fel 

5283.621 

3.241 

-0.432 

-0.525 

18.73 

0.32 

4.83 

0.01 


18 















C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 


Table A.l. continued. 


Species 

d(A) 

A«(eV) 

log gfvALD 

log 8fNIST 

EW(mA) 

crEW(mA) 

A(X) 

crA(X) 

Fel 

5302.299 

3.283 

-0.720 

-0.720 

10.01 

0.17 

4.83 

0.01 

Fel 

5307.361 

1.608 

-2.987 

-2.987 

3.44 

0.13 

4.94 

0.02 

Fel 

5324.179 

3.211 

-0.103 

-0.103 

32.72 

0.39 

4.81 

0.01 

Fel 

5328.038 

0.915 

-1.466 

-1.466 

85.35 

1.27 

5.09 

0.03 

Fel 

5328.531 

1.557 

-1.850 

-1.850 

33.75 

1.24 

4.94 

0.03 

Fel 

5339.929 

3.266 

-0.647 

-0.720 

12.56 

0.15 

4.86 

0.01 

Fel 

5367.466 

4.415 

0.443 

0.443 

11.06 

0.21 

4.83 

0.01 

Fel 

5369.961 

4.371 

0.536 

0.536 

13.82 

0.27 

4.80 

0.01 

Fel 

5371.489 

0.958 

-1.645 

-1.645 

77.72 

0.86 

5.12 

0.02 

Fel 

5383.369 

4.312 

0.645 

0.645 

18.41 

0.27 

4.79 

0.01 

Fel 

5393.167 

3.241 

-0.715 

-0.715 

11.68 

0.19 

4.86 

0.01 

Fel 

5397.128 

0.915 

-1.993 

-1.993 

63.17 

0.74 

5.07 

0.02 

Fel 

5404.151 

4.434 

0.523 

0.523 

18.00 

0.43 

5.02 

0.01 

Fel 

5405.775 

0.990 

-1.844 

-1.844 

66.26 

0.78 

5.07 

0.02 

Fel 

5415.199 

4.386 

0.642 

0.642 

16.19 

0.41 

4.79 

0.01 

Fel 

5424.068 

4.320 

0.520 


20.08 

0.24 

4.97 

0.01 

Fel 

5429.696 

0.958 

-1.879 

-1.879 

67.57 

0.95 

5.10 

0.02 

Fel 

5434.524 

1.011 

-2.122 

-2.122 

51.18 

0.42 

5.03 

0.01 

Fel 

5446.916 

0.990 

-1.914 

-1.914 

64.52 

0.90 

5.10 

0.02 

Fel 

5497.516 

1.011 

-2.849 

-2.849 

18.52 

0.22 

5.01 

0.01 

Fel 

5501.465 

0.958 

-3.047 

-3.047 

13.89 

0.13 

5.00 

0.00 

Fel 

5506.779 

0.990 

-2.797 

-2.797 

20.73 

0.23 

5.00 

0.01 

Fel 

5569.618 

3.417 

-0.486 

-0.486 

12.49 

0.22 

4.83 

0.01 

Fel 

5572.842 

3.396 

-0.275 

-0.275 

19.18 

0.35 

4.82 

0.01 

Fel 

5576.089 

3.430 

-1.000 

-0.940 

6.10 

0.09 

5.01 

0.01 

Fel 

5586.756 

3.368 

-0.120 

-0.144 

26.27 

0.31 

4.82 

0.01 

Fel 

5615.644 

3.332 

0.050 

0.050 

33.93 

0.84 

4.79 

0.02 

Fel 

6136.615 

2.453 

-1.400 

-1.400 

17.04 

0.45 

4.93 

0.01 

Fel 

6137.691 

2.588 

-1.403 

-1.403 

13.68 

0.19 

4.95 

0.04 

Fel 

6191.558 

2.433 

-1.417 

-1.416 

14.74 

0.43 

4.85 

0.01 

Fel 

6219.281 

2.198 

-2.433 

-2.433 

3.03 

0.28 

4.87 

0.04 

Fel 

6230.723 

2.559 

-1.281 

-1.281 

19.55 

0.48 

4.99 

0.01 

Fel 

6252.555 

2.404 

-1.687 

-1.687 

10.99 

0.27 

4.94 

0.01 

Fel 

6393.601 

2.433 

-1.432 

-1.576 

14.40 

0.21 

4.84 

0.01 

Fel 

6400.001 

3.602 

-0.290 

-0.290 

13.86 

0.50 

4.84 

0.02 

Fel 

6421.350 

2.279 

-2.027 

-2.027 

7.47 

0.27 

4.96 

0.02 

Fel 

6430.846 

2.176 

-2.006 

-2.006 

10.04 

0.18 

4.97 

0.01 

Fel 

6494.980 

2.404 

-1.273 

-1.273 

25.26 

0.36 

4.97 

0.01 

Fell 

4178.855 

2.583 

-2.500 

-2.440 

17.15 

0.29 

4.97 

0.01 

Fell 

4233.163 

2.583 

-1.900 

-1.810 

42.23 

0.73 

4.97 

0.02 

Fell 

4385.379 

2.778 

-2.680 

-2.600 

12.66 

0.37 

5.16 

0.01 

Fell 

4416.818 

2.778 

-2.410 

-2.600 

10.82 

0.22 

4.81 

0.01 

Fell 

4489.185 

2.828 

-2.970 

-3.000 

4.95 

0.26 

5.04 

0.02 

Fell 

4491.400 

2.856 

-2.700 

-2.640 

6.95 

0.18 

4.96 

0.01 

Fell 

4508.281 

2.856 

-2.250 

-2.300 

15.60 

0.24 

4.91 

0.01 

Fell 

4515.334 

2.844 

-2.450 

-2.360 

12.11 

0.28 

4.97 

0.01 

Fell 

4520.221 

2.807 

-2.600 

-2.600 

11.18 

0.24 

5.04 

0.01 

Fell 

4522.628 

2.844 

-2.030 

-1.990 

22.92 

0.36 

4.89 

0.01 

Fell 

4541.518 

2.856 

-2.790 

-3.000 

4.66 

0.15 

4.86 

0.01 

Fell 

4555.888 

2.828 

-2.160 

-2.250 

15.66 

0.20 

4.79 

0.01 

Fell 

4576.328 

2.844 

-2.920 

-2.920 

4.45 

0.22 

4.95 

0.02 

Fell 

4582.835 

2.844 

-3.090 

-3.060 

2.68 

0.15 

4.89 

0.02 

Fell 

4583.829 

2.807 

-1.860 

-1.740 

36.21 

0.36 

4.99 

0.01 

Fell 

4731.439 

2.891 

-3.000 

-3.100 

3.70 

0.11 

4.99 

0.01 

Fell 

4923.922 

2.891 

-1.320 

-1.210 

57.37 

0.70 

4.97 

0.02 

Fell 

5018.435 

2.891 

-1.220 

-1.350 

65.85 

0.96 

5.06 

0.02 

Fell 

5197.568 

3.230 

-2.100 

-2.050 

10.82 

0.15 

4.90 

0.01 

Fell 

5234.624 

3.221 

-2.230 

-2.210 

12.89 

0.23 

5.11 

0.01 
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Table A.2. Line list used in the present analysis: species, wavelength (A), oscillator strengths, excitation potential (eV), and resulting abundances 
line by line. 


Species 

d(A) 

A«(eV) 

logg/ 

A(X) 

[X/H] 

[X/Fe] 

Li I 

6103.538 

1.848 

0.101 

+2.07 

+ 1.02 

+3.61 

Li I 

6707.761 

0.000 

-0.009 

+2.20 

+ 1.15 

+3.74 

Cl 

8335.148 

7.685 

-0.420 

+6.47 

-1.96 

+0.63 

Cl 

9061.433 

7.483 

-0.346 

+6.42 

-2.01 

+0.58 

Cl 

9062.487 

7.480 

-0.456 

+6.44 

-1.99 

+0.60 

[OI] 

6300.311 

0.000 

-9.716 

+6.95 

-1.74 

+0.85 

OI 

7771.941 

9.146 

0.369 

+7.12 

-1.57 

+ 1.02 

OI 

7774.161 

9.146 

0.223 

+7.06 

-1.63 

+0.96 

OI 

7775.388 

9.146 

0.001 

+7.08 

-1.61 

+0.98 

OI 

8446.359 

9.521 

0.236 

+7.17 

-1.52 

+ 1.07 

Nal 

4982.813 

2.104 

-0.962 

+3.50 

-2.74 

-0.15 

Nal 

5682.633 

2.102 

-0.706 

+3.70 

-2.54 

+0.05 

Nal 

5889.950 

0.000 

0.108 

+3.70 

-2.54 

+0.05 

Nal 

5895.924 

0.000 

-0.194 

+3.66 

-2.58 

+0.01 

Nal 

8194.824 

2.104 

0.492 

+3.53 

-2.71 

-0.12 

Mg I 

3829.355 

2.709 

-0.227 

+5.20 

-2.40 

+0.19 

Mg I 

3832.304 

2.712 

0.125 

+5.15 

-2.45 

+0.14 

Mg I 

3838.292 

2.717 

0.397 

+5.20 

-2.40 

+0.19 

Mg I 

4057.505 

4.346 

-0.900 

+5.33 

-2.27 

+0.32 

Mg I 

4167.271 

4.346 

-0.745 

+5.28 

-2.32 

+0.27 

Mg I 

4571.096 

0.000 

-5.623 

+5.30 

-2.30 

+0.29 

Mg I 

4702.991 

4.346 

-0.440 

+5.32 

-2.28 

+0.31 

Mg I 

5172.684 

2.712 

-0.393 

+5.22 

-2.38 

+0.21 

Mg I 

5183.604 

2.717 

-0.167 

+5.20 

-2.40 

+0.19 

Mg I 

5528.405 

4.346 

-0.498 

+5.34 

-2.26 

+0.33 

Mg I 

5711.088 

4.346 

-1.724 

+5.33 

-2.27 

+0.32 

Mg I 

8806.756 

4.346 

-0.134 

+5.42 

-2.18 

+0.41 

Mg II 

4481.126 

8.864 

0.749 

+5.63 

-1.97 

+0.62 

Mg II 

4481.150 

8.864 

-0.553 

+5.68 

-1.92 

+0.67 

All 

3944.006 

0.000 

-0.635 

+2.95 

-3.50 

-0.91 

All 

3961.520 

0.014 

-0.333 

+2.96 

-3.49 

-0.90 

Si I 

3905.523 

1.909 

-1.041 

+5.30 

-2.21 

+0.38 

Si I 

4102.936 

1.909 

-3.140 

+5.30 

-2.21 

+0.38 

Si I 

5645.613 

4.930 

-2.043 

+5.30 

-2.21 

+0.38 

Si I 

5684.484 

4.954 

-1.553 

+5.28 

-2.23 

+0.36 

Si I 

7034.903 

5.871 

-0.783 

+5.32 

-2.19 

+0.40 

Sill 

6371.370 

8.121 

-0.044 

+5.35 

-2.16 

+0.43 

KI 

7698.965 

0.000 

-0.169 

+2.98 

-2.05 

+0.54 

Cal 

4108.526 

2.709 

-0.824 

+4.10 

-2.24 

+0.35 

Cal 

4226.728 

0.000 

0.244 

+3.90 

-2.44 

+0.15 

Cal 

4283.011 

1.886 

-0.220 

+4.13 

-2.21 

+0.38 

Cal 

4289.367 

1.879 

-0.300 

+4.03 

-2.31 

+0.28 

Cal 

4302.528 

1.899 

0.280 

+3.95 

-2.39 

+0.20 

Cal 

4318.652 

1.899 

-0.211 

+4.00 

-2.34 

+0.25 

Cal 

4355.079 

2.709 

-0.420 

+3.96 

-2.38 

+0.21 

Cal 

4425.437 

1.879 

-0.357 

+4.00 

-2.34 

+0.25 

Cal 

4434.957 

1.886 

-0.007 

+3.99 

-2.35 

+0.24 

Cal 

4435.679 

1.886 

-0.517 

+4.03 

-2.31 

+0.28 

Cal 

4454.779 

1.899 

0.258 

+3.99 

-2.35 

+0.24 

Cal 

4455.887 

1.899 

-0.519 

+4.04 

-2.30 

+0.29 

Cal 

4526.928 

2.709 

-0.548 

+4.10 

-2.24 

+0.35 

Cal 

4578.551 

2.521 

-0.697 

+4.06 

-2.28 

+0.31 

Cal 

5188.844 

2.933 

-0.075 

+4.04 

-2.30 

+0.29 

Cal 

5261.704 

2.521 

-0.579 

+4.02 

-2.32 

+0.27 

Cal 

5262.241 

2.521 

-0.471 

+4.02 

-2.32 

+0.27 

Cal 

5265.556 

2.523 

-0.113 

+3.99 

-2.35 

+0.24 

Cal 

5349.465 

2.709 

-0.310 

+4.04 

-2.30 

+0.29 

Cal 

5512.980 

2.933 

-0.464 

+4.05 

-2.29 

+0.30 

Cal 

5581.965 

2.523 

-0.555 

+4.04 

-2.30 

+0.29 
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Table A.2. continued. 


Species 

d(A) 

A«(eV) 

logg/ 

A(X) 

[X/H] 

[X/Fe] 

Cal 

5588.749 

2.526 

0.358 

+3.98 

-2.36 

+0.23 

Cal 

5590.114 

2.521 

-0.571 

+4.05 

-2.29 

+0.30 

Cal 

5594.462 

2.523 

0.097 

+3.99 

-2.35 

+0.24 

Cal 

5601.277 

2.526 

-0.523 

+4.01 

-2.33 

+0.26 

Cal 

5857.451 

2.933 

0.240 

+4.07 

-2.27 

+0.32 

Cal 

6102.723 

1.879 

-0.793 

+4.05 

-2.29 

+0.30 

Cal 

6122.217 

1.886 

-0.316 

+4.06 

-2.28 

+0.31 

Cal 

6162.173 

1.899 

-0.090 

+4.03 

-2.31 

+0.28 

Cal 

6169.563 

2.526 

-0.478 

+4.06 

-2.28 

+0.31 

Cal 

6439.075 

2.526 

0.390 

+3.99 

-2.35 

+0.24 

Cal 

6455.598 

2.523 

-1.290 

+4.00 

-2.34 

+0.25 

Cal 

6462.567 

2.523 

0.262 

+3.97 

-2.37 

+0.22 

Cal 

6471.668 

2.526 

-0.590 

+4.04 

-2.30 

+0.29 

Cal 

6493.781 

2.521 

-0.109 

+4.01 

-2.33 

+0.26 

Cal 

6499.650 

2.523 

-0.818 

+4.08 

-2.26 

+0.33 

Cal 

6717.681 

2.709 

-0.524 

+4.06 

-2.28 

+0.31 

Cal 

7148.150 

2.709 

0.137 

+4.08 

-2.26 

+0.33 

Cal 

7326.145 

2.933 

-0.208 

+4.05 

-2.29 

+0.30 

Call 

8927.356 

7.050 

0.811 

+4.43 

-1.91 

+0.68 

Sc I 

4020.392 

0.000 

0.199 

+0.65 

-2.50 

+0.09 

Sc I 

4023.677 

0.021 

0.381 

+0.50 

-2.65 

-0.06 

Sell 

3843.049 

0.008 

-1.730 

+0.88 

-2.27 

+0.32 

Sell 

4246.820 

0.315 

0.242 

+0.83 

-2.32 

+0.27 

Sell 

4294.764 

0.605 

-1.390 

+0.80 

-2.35 

+0.24 

Sell 

4305.711 

0.595 

-1.300 

+0.65 

-2.50 

+0.09 

Sell 

4314.082 

0.618 

-0.100 

+0.82 

-2.33 

+0.26 

Sell 

4320.745 

0.605 

-0.250 

+0.77 

-2.38 

+0.21 

Sell 

4324.998 

0.595 

-0.440 

+0.76 

-2.39 

+0.20 

Sell 

4374.462 

0.618 

-0.420 

+0.83 

-2.32 

+0.27 

Sell 

4400.386 

0.605 

-0.540 

+0.82 

-2.33 

+0.26 

Sell 

4415.544 

0.595 

-0.670 

+0.80 

-2.35 

+0.24 

Sell 

4431.362 

0.605 

-1.970 

+0.75 

-2.40 

+0.19 

Sell 

4670.406 

1.357 

-0.580 

+0.72 

-2.43 

+0.16 

Sell 

5031.010 

1.357 

-0.400 

+0.68 

-2.47 

+0.12 

Sell 

5239.811 

1.455 

-0.770 

+0.67 

-2.48 

+0.11 

Sell 

5526.785 

1.768 

0.020 

+0.67 

-2.48 

+0.11 

Sell 

5641.000 

1.500 

-1.130 

+0.74 

-2.41 

+0.18 

Sell 

5657.896 

1.507 

-0.600 

+0.62 

-2.53 

+0.06 

Sell 

5667.149 

1.500 

-1.310 

+0.75 

-2.40 

+0.19 

Sell 

5684.202 

1.507 

-1.070 

+0.60 

-2.55 

+0.04 

VI 

4111.774 

0.301 

0.408 

+ 1.38 

-2.55 

+0.04 

VI 

4115.176 

0.287 

0.071 

+ 1.40 

-2.53 

+0.06 

VI 

4379.230 

0.301 

0.580 

+ 1.42 

-2.51 

+0.08 

VI 

4389.976 

0.275 

0.200 

+ 1.46 

-2.47 

+0.12 

VI 

4408.193 

0.275 

0.020 

+ 1.44 

-2.49 

+0.10 

VI 

4460.291 

0.301 

-0.150 

+ 1.55 

-2.38 

+0.21 

VI 

4594.124 

0.069 

-0.670 

+ 1.40 

-2.53 

+0.06 

VII 

3899.128 

1.805 

-0.770 

+ 1.80 

-2.13 

+0.46 

VII 

3903.252 

1.476 

-0.910 

+ 1.55 

-2.38 

+0.21 

VII 

3916.404 

1.428 

-1.070 

+ 1.91 

-2.02 

+0.57 

VII 

3951.957 

1.476 

-0.730 

+ 1.60 

-2.33 

+0.26 

VII 

3997.110 

1.476 

-1.200 

+ 1.66 

-2.27 

+0.32 

VII 

4002.928 

1.428 

-1.440 

+ 1.75 

-2.18 

+0.41 

VII 

4005.702 

1.817 

-0.450 

+ 1.65 

-2.28 

+0.31 

VII 

4023.377 

1.805 

-0.610 

+ 1.68 

-2.25 

+0.34 

CrI 

3908.756 

1.004 

-1.050 

+2.97 

-2.67 

-0.08 

CrI 

3928.639 

1.004 

-1.310 

+3.00 

-2.64 

-0.05 

CrI 

3963.688 

2.544 

0.620 

+3.07 

-2.57 

+0.02 

CrI 

4254.332 

0.000 

-0.090 

+2.95 

-2.69 

-0.10 

CrI 

4274.796 

0.000 

-0.220 

+2.90 

-2.74 

-0.15 

CrI 

4289.716 

0.000 

-0.370 

+2.92 

-2.72 

-0.13 
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Table A.2. continued. 


Species 

d(A) 

A«-(eV) 

log^/ 

A(X) 

[X/H] 

[X/Fe] 

CrI 

4337.552 

0.968 

-1.090 

+2.94 

-2.70 

-0.11 

CrI 

4344.496 

1.004 

-0.650 

+2.89 

-2.75 

-0.16 

CrI 

4496.842 

0.941 

-1.140 

+3.00 

-2.64 

-0.05 

CrI 

4545.945 

0.941 

-1.370 

+2.94 

-2.70 

-0.11 

CrI 

4600.748 

1.004 

-1.250 

+2.96 

-2.68 

-0.09 

CrI 

4616.124 

0.983 

-1.190 

+2.97 

-2.67 

-0.08 

CrI 

4626.173 

0.968 

-1.330 

+3.00 

-2.64 

-0.05 

CrI 

4646.162 

1.030 

-0.740 

+2.97 

-2.67 

-0.08 

CrI 

4651.284 

0.983 

-1.460 

+2.97 

-2.67 

-0.08 

CrI 

4652.157 

1.004 

-1.040 

+3.00 

-2.64 

-0.05 

CrI 

4756.112 

3.104 

0.090 

+3.30 

-2.34 

+0.25 

CrI 

4789.335 

2.544 

-0.330 

+2.85 

-2.79 

-0.20 

CrI 

5204.511 

0.941 

-0.190 

+2.98 

-2.66 

-0.07 

CrI 

5206.038 

0.941 

0.020 

+2.95 

-2.69 

-0.10 

CrI 

5208.419 

0.941 

0.170 

+2.95 

-2.69 

-0.10 

CrI 

5237.351 

5.662 

-1.836 

+3.33 

-2.31 

+0.28 

CrI 

5247.565 

0.961 

-1.590 

+2.92 

-2.72 

-0.13 

CrI 

5296.691 

0.983 

-1.360 

+2.92 

-2.72 

-0.13 

CrI 

5298.272 

0.983 

-1.140 

+2.90 

-2.74 

-0.15 

CrI 

5345.801 

1.004 

-0.950 

+2.91 

-2.73 

-0.14 

CrI 

5348.315 

1.004 

-1.210 

+2.89 

-2.75 

-0.16 

CrI 

5409.772 

1.030 

-0.670 

+2.93 

-2.71 

-0.12 

CrII 

4558.650 

4.073 

-0.449 

+3.15 

-2.49 

+0.10 

CrII 

4588.199 

4.071 

-0.845 

+3.32 

-2.32 

+0.27 

CrII 

4634.070 

4.072 

-1.236 

+3.40 

-2.24 

+0.35 

CrII 

4824.127 

3.871 

-1.085 

+3.38 

-2.26 

+0.33 

CrII 

4848.235 

3.864 

-1.280 

+3.33 

-2.31 

+0.28 

CrII 

4876.399 

3.854 

-1.580 

+3.28 

-2.36 

+0.23 

CrII 

5313.563 

4.074 

-1.779 

+3.35 

-2.29 

+0.30 

Mnl 

4030.753 

0.000 

-0.480 

+2.30 

-3.13 

-0.54 

Mnl 

4033.062 

0.000 

-0.617 

+2.29 

-3.14 

-0.55 

Mnl 

4034.483 

0.000 

-0.812 

+2.35 

-3.08 

-0.49 

Mnl 

4041.355 

2.114 

0.285 

+2.57 

-2.86 

-0.27 

Mnl 

4048.743 

2.164 

-0.130 

+2.46 

-2.97 

-0.38 

Mnl 

4055.544 

2.143 

-0.070 

+2.58 

-2.85 

-0.26 

Mnl 

4082.939 

2.178 

-0.354 

+2.59 

-2.84 

-0.25 

Mnl 

4451.586 

2.888 

0.278 

+2.58 

-2.85 

-0.26 

Mnl 

4458.254 

3.073 

0.042 

+2.50 

-2.93 

-0.34 

Mnl 

4754.042 

2.282 

-0.086 

+2.54 

-2.89 

-0.30 

Mnl 

4761.512 

2.953 

-0.138 

+2.55 

-2.88 

-0.29 

Mnl 

4762.367 

2.888 

0.425 

+2.45 

-2.98 

-0.39 

Mnl 

4765.846 

2.941 

-0.080 

+2.65 

-2.78 

-0.19 

Mnl 

4766.418 

2.920 

0.100 

+2.65 

-2.78 

-0.19 

Mnl 

4783.427 

2.298 

0.042 

+2.56 

-2.87 

-0.28 

Mnl 

4823.524 

2.319 

0.144 

+2.57 

-2.86 

-0.27 

Col 

3842.046 

0.923 

-0.770 

+2.76 

-2.23 

+0.36 

Col 

3845.461 

0.923 

0.010 

+2.70 

-2.29 

+0.30 

Col 

3861.160 

1.049 

-0.890 

+2.50 

-2.49 

+0.10 

Col 

3873.114 

0.432 

-0.660 

+3.03 

-1.96 

+0.63 

Col 

3873.955 

0.514 

-0.870 

+2.90 

-2.09 

+0.50 

Col 

3881.875 

0.582 

-1.130 

+2.67 

-2.32 

+0.27 

Col 

3894.073 

1.049 

0.100 

+2.57 

-2.42 

+0.17 

Col 

3941.729 

0.432 

-2.030 

+2.70 

-2.29 

+0.30 

Col 

3995.302 

0.923 

-0.220 

+2.70 

-2.29 

+0.30 

Col 

3997.900 

1.049 

-0.870 

+2.60 

-2.39 

+0.20 

Col 

4020.898 

0.432 

-2.070 

+2.78 

-2.21 

+0.38 

Col 

4092.384 

0.923 

-0.940 

+2.53 

-2.46 

+0.13 

Col 

4110.530 

1.049 

-1.080 

+2.52 

-2.47 

+0.12 

Col 

4118.767 

1.049 

-0.490 

+2.68 

-2.31 

+0.28 

Col 

4121.311 

0.923 

-0.320 

+2.76 

-2.23 

+0.36 

Col 

4190.703 

0.000 

-3.036 

+2.86 

-2.13 

+0.46 
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Table A.2. continued. 


Species 

d(A) 

Y«(eV) 

logg/ 

A(X) 

[X/H] 

[X/Fe] 

Col 

4530.954 

2.928 

0.152 

+2.55 

-2.44 

+0.15 

Nil 

3775.565 

0.423 

-1.393 

+3.80 

-2.42 

+0.17 

Nil 

3783.524 

0.423 

-1.310 

+3.80 

-2.42 

+0.17 

Nil 

3792.330 

0.275 

-3.240 

+3.80 

-2.42 

+0.17 

Nil 

3807.138 

0.423 

-1.180 

+3.82 

-2.40 

+0.19 

Nil 

3831.687 

0.423 

-2.257 

+3.80 

-2.42 

+0.17 

Nil 

3858.292 

0.423 

-0.970 

+3.80 

-2.42 

+0.17 

Nil 

4401.538 

3.193 

0.040 

+3.78 

-2.44 

+0.15 

Nil 

4470.472 

3.399 

-0.310 

+3.70 

-2.52 

+0.07 

Nil 

4604.982 

3.480 

-0.250 

+3.71 

-2.51 

+0.08 

Nil 

4648.646 

3.420 

-0.100 

+3.71 

-2.51 

+0.08 

Nil 

4686.207 

3.597 

-0.580 

+3.70 

-2.52 

+0.07 

Nil 

4703.803 

3.658 

-0.735 

+3.85 

-2.37 

+0.22 

Nil 

4714.408 

3.380 

0.260 

+3.72 

-2.50 

+0.09 

Nil 

4752.415 

3.658 

-0.700 

+3.85 

-2.37 

+0.22 

Nil 

4754.756 

3.635 

-0.970 

+3.75 

-2.47 

+0.12 

Nil 

4756.510 

3.480 

-0.270 

+3.74 

-2.48 

+0.11 

Nil 

4786.531 

3.420 

-0.160 

+3.68 

-2.54 

+0.05 

Nil 

4806.984 

3.679 

-0.640 

+3.75 

-2.47 

+0.12 

Nil 

4829.016 

3.542 

-0.330 

+3.76 

-2.46 

+0.13 

Nil 

4831.169 

3.606 

-0.320 

+3.71 

-2.51 

+0.08 

Nil 

4904.407 

3.542 

-0.170 

+3.76 

-2.46 

+0.13 

Nil 

4918.362 

3.841 

-0.240 

+3.80 

-2.42 

+0.17 

Nil 

4925.559 

3.655 

-0.770 

+3.85 

-2.37 

+0.22 

Nil 

4935.831 

3.941 

-0.350 

+3.85 

-2.37 

+0.22 

Nil 

4937.341 

3.606 

-0.390 

+3.71 

-2.51 

+0.08 

Nil 

4980.166 

3.606 

0.070 

+3.69 

-2.53 

+0.06 

Nil 

4984.112 

3.796 

0.226 

+3.65 

-2.57 

+0.02 

Nil 

4998.218 

3.606 

-0.690 

+3.78 

-2.44 

+0.15 

Nil 

5017.568 

3.539 

-0.020 

+3.70 

-2.52 

+0.07 

Nil 

5035.357 

3.635 

0.290 

+3.70 

-2.52 

+0.07 

Nil 

5081.107 

3.847 

0.300 

+3.79 

-2.43 

+0.16 

Nil 

5084.089 

3.679 

0.030 

+3.72 

-2.50 

+0.09 

Nil 

5115.389 

3.834 

-0.110 

+3.80 

-2.42 

+0.17 

Nil 

5137.070 

1.676 

-1.990 

+3.84 

-2.38 

+0.21 

Nil 

5146.480 

3.706 

-0.060 

+3.73 

-2.49 

+0.10 

Nil 

5155.762 

3.898 

0.011 

+3.68 

-2.54 

+0.05 

Nil 

5168.656 

3.699 

-0.430 

+3.70 

-2.52 

+0.07 

Nil 

5176.559 

3.898 

-0.440 

+3.70 

-2.52 

+0.07 

Nil 

5476.900 

1.826 

-0.890 

+3.83 

-2.39 

+0.20 

Nil 

6176.807 

4.088 

-0.260 

+3.84 

-2.38 

+0.21 

Nil 

6191.171 

1.676 

-2.353 

+3.71 

-2.51 

+0.08 

Nil 

6643.629 

1.676 

-2.300 

+3.80 

-2.42 

+0.17 

Nil 

6767.768 

1.826 

-2.170 

+3.77 

-2.45 

+0.14 

Nill 

3769.459 

3.104 

-1.662 

+3.88 

-2.34 

+0.25 

Znl 

4722.153 

4.030 

-0.370 

+2.22 

-2.34 

+0.25 

Znl 

4810.528 

4.078 

-0.150 

+2.22 

-2.34 

+0.25 

Sr II 

4077.719 

0.000 

0.170 

+0.12 

-2.75 

-0.16 

Sr II 

4215.519 

0.000 

-0.170 

+0.10 

-2.77 

-0.18 

Sr II 

10327.311 

1.839 

-0.250 

+0.09 

-2.78 

-0.19 

YII 

3774.331 

0.130 

0.210 

-0.65 

-2.86 

-0.27 

YII 

3788.700 

0.100 

-0.070 

-0.85 

-3.06 

-0.47 

YII 

3950.352 

0.104 

-0.490 

-0.76 

-2.97 

-0.38 

YII 

4374.935 

0.409 

0.160 

-0.85 

-3.06 

-0.47 

YII 

4883.690 

1.080 

0.070 

-0.77 

-2.98 

-0.39 

Zrll 

3836.762 

0.559 

-0.060 

-0.15 

-2.73 

-0.14 

Zrll 

4208.977 

0.713 

-0.460 

-0.02 

-2.60 

-0.01 

Zrll 

4443.008 

1.486 

-0.330 

-0.05 

-2.63 

-0.04 

Ball 

4554.033 

0.000 

0.140 

-1.20 

-3.38 

-0.79 

Ball 

4934.076 

0.000 

-0.160 

-1.23 

-3.41 

-0.82 

Ball 

6141.710 

0.704 

0.000 

-0.99 

-3.17 

-0.58 
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Table A.2. continued. 


Species 

A(A) 

A«(eV) 

log^/ 

A(X) 

[X/H] 

[X/Fe] 

Ball 

6496.900 

0.604 

-0.320 

-0.96 

-3.14 

-0.55 

La II 

4123.220 

0.321 

0.130 

< -1.85 

< -2.95 

< -0.36 

Cell 

4083.220 

0.701 

0.270 

-0.65 

-2.23 

h-0.36 

Cell 

4222.597 

0.122 

-0.150 

-1.00 

-2.58 

H-O.OI 
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Table A.3. Hyperfine coupling constants for the lines retained in this analysis. 





Lower level 



Upper level 

1 

Iso. 

Lines (A) 

J 

A (MHz) 

B (MHz) 

ref. 

J 

A (MHz) 

B (MHz) 

ref. 

■'-'Nal 

4982.813 

3/2 

18.53 

2.721 

1 

5/2 




^^Nal 

5682.633 

3/2 

18.53 

2.721 

1 

3/2 




23NaI 

5889.950 

1/2 

888.3 


2 

3/2 

18.53 

2.721 

1 

23NaI 

5895.924 

1/2 

888.3 


2 

1/2 

94.3485 


1 

23NaI 

8194.824 

3/2 

18.53 

2.721 

1 

5/2 




All 

3944.006 

1/2 

502.0346 


3 

1/2 

431.84 


4 

2^ All 

3961.520 

3/2 

94.27723 

18.91898 

3 

1/2 

431.84 


4 

35k I 

7698.965 

1/2 

230.85986 


5 

1/2 

27.78 


6 

43 Sc I 

4020.392 

3/2 

269.558 

-26.36 

7 

3/2 

-275.8 


8 

43 Sc I 

4023.677 

5/2 

109.033 

-37.373 

7 

5/2 

33.0 


8 

43 Sc II 

3843.049 

2 

510 

-30 

9 

2 

215.7 

18 

9 

43 Sc II 

4246.820 

2 

128.2 

-39 

9 

2 

215.7 

18 

9 

43 Sc II 

4294.764 

3 

113.674 

-12.615 

10 

3 

99.73 

21.495 

11 

43 Sc II 

4305.711 

2 

290.669 

-10.54 

10 

2 

125.423 

8.769 

11 

43 Sc II 

4314.082 

4 

38.357 

-16.456 

10 

3 

99.73 

21.495 

11 

43 Sc II 

4320.745 

3 

113.674 

-12.615 

10 

2 

125.423 

8.769 

11 

43 Sc II 

4324.998 

2 

290.669 

-10.54 

10 

1 

304.788 

3.824 

11 

43 Sc II 

4374.462 

4 

38.357 

-16.456 

10 

4 

102.3 

-84 

9 

43 Sc II 

4400.386 

3 

113.674 

-12.615 

10 

3 

205.4 

-70 

9 

43 Sc II 

4415.544 

2 

290.669 

-10.54 

10 

2 

366.8 

-40 

9 

43 Sc II 

4431.362 

3 

113.674 

-12.615 

10 

2 

366.8 

-40 

9 

43 Sc II 

4670.406 

2 

149.361 

7.818 

10 

3 

191.1 

-82 

9 

43 Sc II 

5031.010 

2 

149.361 

7.818 

10 

1 




43 Sc II 

5526.785 

4 

135.232 

-63.439 

10 

3 

191.1 

-82 

9 

43 Sc II 

5641.000 

1 

-107.501 

-12.297 

10 

2 

106.117 

-20.2 

11 

43 Sc II 

5657.896 

2 

-27.732 

22.127 

10 

2 

106.117 

-20.2 

11 

43 Sc II 

5667.149 

1 

-107.501 

-12.297 

10 

1 

255.155 

11.753 

11 

43 Sc II 

5684.202 

1 

-107.501 

-12.297 

10 

1 

255.155 

11.753 

11 

3'VI 

4111.774 

9/2 

406.854 

14.721 

12 

9/2 

96.3 


13 

3'VI 

4115.176 

7/2 

382.368 

2.22 

12 

7/2 

58.0 


13 

3'VI 

4379.230 

9/2 

406.854 

14.721 

12 

11/2 

63.0 


13 

3'VI 

4389.976 

5/2 

373.595 

-2.575 

12 

7/2 

75.8 


13 

3'VI 

4408.193 

5/2 

373.595 

-2.575 

12 

5/2 

104 


13 

3'VI 

4460.291 

9/2 

406.854 

14.721 

12 

7/2 

104.2 


13 

3'VI 

4594.124 

9/2 

227.133 

7.958 

12 

11/2 

448.669 


14 

31VII 

3899.128 

4 

150 


15 

3 

301.13 


16 

31VII 

3903.252 

2 




3 

75 


15 

31VII 

3916.404 

1 

-73.33 


16 

2 

300.37 


16 

31VII 

3951.957 

2 




3 

160.22 


16 

31VII 

3997.110 

2 




3 

147 


15 

31VII 

4002.928 

1 

-73.33 


16 

1 

715.84 


16 

31VII 

4005.702 

5 

436.1 


16 

5 

213.51 


16 

31VII 

4023.377 

4 

150 


15 

4 

304.11 


16 

i35LaII 

4123.220 

2 

-8.694 

56.6608 

17 

3 

259.0207 

114.2209 

17 


References. 1: Das &. Natarajan (2008); 2: Safronova et al. (1999); 3: Brown & Evenson (1999); 4: Nakai et al. (2007); 5: Belin et al. (1975); 6; 
Falke et al. (2006); 7: Childs (1971); 8: Ba§ar et al. (2004); 9: Villemoes et al. (1992); 10: Mansour et al. (1989); 11: Scott et al. (2015); 12: Unkel 
et al. (1989); 13: Gyzelcimen et al. (2014); 14: Palmeri et al. (1995); 15: Wood et al. (2014); 16: Armstrong et al. (2011); 17: Lawler et al. (2001). 


Appendix B: Figures of spectrai synthesis 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Fig.B.l. LTE nitrogen abundance in HD 140283 from CN(0,0) bandhead at 3883 A (upper panel) and LTE oxygen abundance from 
[OI] 6300.31 A line (lower panel). Symbols are the same as in Eig.|3] 



Lambda (angstrom) Lambda (angstrom) 



Lambda (angstrom) 


Fig.B.2. NLTE carbon abundance in HD 140283 from CI 9062.48 A line (upper left panel) and NLTE oxygen abundance from 
the red OI triplet: 7771.94 A (upper right panel), 7774.16 A, and 7775.39 A (lower panel) lines. Observations (blue circles) are 
compared with synthetic spectra computed with the adopted abundances (red solid lines). 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Lambda (angstrom) 



Fig.B.3. LTE magnesium abundance in HD 140283 from Mg I 4571.10 A (upper left panel), Mg I 5528.40 A (upper right panel), 
and Mg I 8806.76 A (lower panel) lines. Symbols are the same as in Fig. [2 





Fig. B.4. NLTE magnesium abundance in HD 140283 from Mg I 5172.68 A (upper panel). Mg I 5711.09 A (lower left panel), and 
Mg I 8806.76 A (lower right panel) lines. Symbols are the same as in Fig. IB.21 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Fig. B.5. LTE silicon abundance in HD 140283 from Si I 3905.52 A (upper panel) and Si 1 4102.936 A (lower panel) lines. Symbols 
are the same as in Fig.|3] 




Lambda (angstrom) 


Fig.B.6. LTE calcium abundance in HD 140283 from Cal 5261.70 A, Cal 5262.24 A (upper panel), and Cal 6122.23 A (lower 
panel) lines. Symbols are the same as in Fig. [3] 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Lambda (angstrom) 

Fig.B.7. NLTE calcium abundance in HD 140283 from Cal 4226.73 A (upper panel) and Call 3968.47 A (lower panel) lines. 
Symbols are the same as in Fig. ED 




Fig. B.8. LTE sodium abundance in HD 140283 from Na 15895.92 A (upper panel) and Na 18194.82 A (lower panel) lines. Symbols 
are the same as in Fig. [3] 


29 




















C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Lambda (angstrom) 

Fig. B.9. NLTE sodium abundance in HD 140283 from Na I 5889.95 A (D 2 ) (upper panel) and Na I 8194.82 A (lower panel) lines. 
Symbols are the same as in Fig. ED 



Lambda (angstrom) 



Fig.B.lO. LTE aluminum abundance in HD 140283 from All 3961.52 A line (upper panel) and potassium abundance from 
K1 7698.96 A line (lower panel). Symbols are the same as in Fig. [3] 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Fig.B.ll. NLTE aluminum abundance in HD 140283 from Al I 3961.52 A (upper panel) and NLTE potassium abundance from the 
KI 7698.96 A line (lower panel) lines. Symbols are the same as in Eig. U 




Fig. B.12. LTE scandium abundances in HD 140283 from Sc II 4246.82 A (upper panel) and Sc II 5526.79 A (lower panel) lines. 
Symbols are the same as in Fig. [3] 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Fig. B.13. LTE vanadium abundances in HD 140283 from VI 4379 A (upper panel) and VII 4023 A (lower panel) lines. Symbols 
are the same as in Fig.|3] 




Fig.B.14. LTE chromium abundance in HD 140283 from CrI 4254.33 A line (upper panel) and manganese abundance from 
Mn 14041.35 A line (lower panel). Symbols are the same as in Eig. [3] 
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C. Siqueira-Mello et al.: High-resolution abundance analysis of HD 140283 




Fig.B.15. LTE nickel abundance in HD 140283 from Nil 3858.29 A line (upper panel) and zinc abundance from Znl 4810.53 A 
line (lower panel). Symbols are the same as in Fig. [3] 




Lambda (angstrom) 

Fig. B.16. NLTE strontium abundance in HD 140283 from Sr II 4215.52 A (upper panel) and Sr II 10327.31 A (lower panel) lines. 
Symbols are the same as in Fig. ED 
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Lambda (angstrom) 


Lambda (angstrom) 


Fig.B.17. NLTE barium abundance in HD 140283 from Ball 4554.03 A (upper panel). Ball 6141.70 A (lower left panel), and 
Ba II 6496.92 A (lower right panel) lines. Symbols are the same as in Fig. IB.21 
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